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FOREWORD

This report presents the work performed for the Ballistic

Missile Office (BMO) by Science Applications, Inc. (SAI) under the

auspices of the Phase I part of the Maneuvering Aerothermal Technology

(•MAT) program (contract F04701-80-C-0033) for the period 16 May 1980

through 15 February 1982. This specific effort was accomplished under

Task 2.3 (Experimental Studies) and was monitored by Capt. J. Keesee

(BMO/SYDT) and D. Farlow (TRW/DSSG).

Contained in this report is a summary of all data obtained in

the "HYTAC" sliced-bicone test series; that is those tests conducted by

AEDC for BMO concluding with the tests run by SAI under the MAT program

sponsorship.

The authors wish to acknowledge the following personnel of the

von Karman Gas Dynamics Facility (VKF) of the Arnold Engineering Develop-

ment Center (AEDC): D. B. Carver, S. M. Coulter, and D. L. Lanham for

their assistance in the planning and conducting of the tests. The authors

also wish to express their appreciation to J. T. Best (Aerodynamics Systems
Division - USAF AEDC) for his assistance in the planning, scheduling, and
cost maintenance of the test program.

I This report has been reviewed and is approved.

J. Keesee, Capt. U.S.A.F.

Ballistic Missile Office (BMO/SYDT)
Air Force Systems Conmand

| jNorton Air Force Base, California
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NOMENCLATURE

ALPT Pitch angle of the overhead probe drive (V direction)
measured from the tunnel vertical axis

C Flap chord length

CCTV Closed Circuit television system

CF Skin friction coefficient, Tw/q•

Cm Pitching moment coefficient

CN Normal force coefficient

D Diameter

DX Computation step size

H,h Boundary layer trip height

Axial distance from bicone-slice juncture

M Mach number

MACS Model Attitude Control System

MAT Maneuvering Aerothermal Technology Program

p Pressure

PP Pitot pressure

PT,Po Tunnel stilling chamber (total) pressure

PNS Parabolized Navier Stokes flowfield code

q Dynamic pressure

r Radius

Re Reynolds number

Reo Local Reynolds number with viscosity based on
Re0  freestream total temperature

R., Nose radius

S Curvilinear surface distance from model nosetip

12.
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NOMENCLATURE (CONT' D)

s Flap semi-span

ST, , ST(TT) Stanton number based on freestream total temperature

T Temperature

TG Thermocoupl e gage

TT, To Total temperature

TTL Local total temperature

u Velocity

X.YZ Model axial, lateral and vertical coordinates

XF Chordwise distance from flap leading edge

YF Spanwise distance from flap centerline

ZI Probe travel direction

ZP Height of Pitot probe above model surface
(Z' direction usually normal to the local surface
unless otherwise specified)

$1 a Angle of attack

S Angle of sideslip

y Specific heat ratio

6 Flap deflection angle

6* Boundary layer displacement thickness

6T Thermal boundary layer thickness

63 Boundary layer kinetic energy thickness

64 Boundary layer total enthalpy thickness

TI Recovery factor

0 Boundary layer momentum thickness

13.



NOMENCLATURE (CONT' D)

0 c Cone half-angle

p Density

1w Shear stress at wall

w Meridian angle

SUBSCRIPTS

b Body

c Corrected

e Boundary layer edge

L Local

m Measured

0o,t Total

REF Reference

s Shock

STAG Stagnation point

W Model wall

Free-stream

14.
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TABULATED DATA KEY

A Reference area, 75.784 in. 2

AATCA, ctT Total pitch angle sensed by the Mach/Flow-
Angularity probe, deg.

AB Base area, 2 75.784 in. (no slices) or
69.912 in. (double slice)

ALPHA Angle of attack deg

ALPHA SECTOR Pitch angle of the tunnel sector, positive
nose up, deg

ALPHAP Model total angle of attack in the missile
axis system, designated as positive for
nose up attitude, deg

- ALPI Indicated pitch angle, deg

ALPO Nominal pitch angle of the Mach/Flow-Angularity
probe relative to the p-obe drive (Z' axis),
positive rose up, deg

ALPP Nominal pitch angle of the Mach/Flow-Angularity
probe with respect to the vertical (Tunnel ZT
axis), [ALPT + ALPO], deg

ALPT Pitch angle that the overhead probe drive makes
(V direction) with respect to the vertical
(Tunnel ZT axis), deg

APP, AP(1 - 5), Pressure stabilization routine slip flow coef-
APRES, APPU, APW ficients for the Pitot tube, Mach/Flow-Angularity

probe, Preston tube, upper Pitot, and surface
pressure orifices, respectively, psia

4 AW Speed of sound based on TW, ft/sec

BETA Sideslip angle, deg

CA Forebody axial-force coefficient, body axes, CAT-CAB

CAB Base axial-force coefficient, body axes,
-AB(PBA-P)/Q-A

CAT Total axial-force coefficient, body axes,
total axial force/Q.A

15.
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CCW Cross-wind coefficient, wind axes

CDW Forebody drag coefficient, wind axes

CFX Skin friction coefficient, [TAUX/Q]

CLL Rolling-moment coefficient, body axes,
rolling moment/Q-A-LM

CLLW Rolling-moment coefficient (based on CLMF),
wind axes

CLM Pitching-moment coefficient, body axes,
pitching moment/Q-A.LM

CLMF Forebody pitching-moment coefficient, body
axes, CLM + CABZB/LM

CLMW Pitching-moment coefficient (based on CLMF),
wind axes

CLN Yawing-moment coefficient, body axes, yawing

moment/Q-A-LM

CLNW Yawing-moment coefficient, wind axes

CLW Lift coefficient (based on CA), wind axes

CN Normal-force coefficient, body axes, normal
force/QA

CODE Configuration code number

CONFIGURATION Model configuration description (10.5/7-DEG
BICONIC/SS + DS) where SS + DS single slice
"and double slice

CPBA Average base pressure coefficient, (PBA-P)/Q

CPHI Local radial direction of the flow with respect
to the Mach/Flow-Angularity probe, deg

C.R. Center of rotation, axial station along the
tunnel centerline about which the model rotates,
in.

CY Side-force coefficient, body axes, side force/Q.A

D Preston tube outside diameter, ft

16,



OCAT Flap differential total axial-force coefficient,
body axes, CAT(flap on) - CAT (flap off)

DCLL Flap differential rolling-moment coefficient,
body axes, CLL (flap on) - CLL (flap off)

DCLM Flap differential pitching-moment coefficient,
body axes, CLM (flap on) - CLM (flap off)

DCLMF Flap differential forebody pitching-moment
coefficient, body axes, CLMF (flap on) -
CLMF (flap off)

DCLN Flap differential yawing-moment coefficient,
body axes, CLN (flap on) - CLN (flap off)

DCN Flap differential normal-force coefficient,
body axes, CN (flap on) - CN (flap off)

DCY Flap differential side-force coefficient,
body axes, CY (flap on) - CY (flap off)

DEL Boundary-layer thickness, in. I

DEL* Boundary-layer displacemnt thickness, in.

DEL** Boundar-layer momentum thickness, in.

DEL3 Boundary-layer kinetic energy thickness, in.

DEL4 Boundary-layer total enthalpy defect, in.

DEW Free-stream flow frost point, OF

DITTE Enthalpy difference at boundary-layer edge
[ITTE - ITWX], Btu/lbm

DITTL Local enthalpy difference [ITTL - ITWX], Btu/Ibm

DPSQP Mach/Flow-Angularity probe nondimensionai parameter,
0.5

[(DP13)2 + (DP24) 2  /(2 * P5)

DP13 Differential pressure measurement of the Mach/
Flow-Angularity probe in the pitch plane [P1-P31,
psid

17. J
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0P24 Differential pressure measurement of the Mach/
Flow-Angularity probe in the yaw plane [P2-P4],
psid

OTAU Preston tube data reduction iteration parameter,
lb/ft2

DY Lateral movement of probe assembly during Preston
tube surveys, referenced to the survey station
number, same sign convention as YT, in.

ETA Effective total-temperature probe recovery factor

for calibration data:

ETA = (TTLU - T)/(TT-T)

For Survey data:

ETA = E A. ARETD

where the values of Ai were determined for each
thermocouple probe.

FLAP Flap deflection angle with respect to model center-
line, deg, positive down at PHI =0

FRA Preston tube data reduction parameter

FUN Preston tube data reduction parameter

G Preston tube data reduction parameter

=fPreston tube data reduction parameter

GAGE NO identification number for Gardon gages

H(TT) Neat-transfer coefficient, [Q-T)T/(TT-N),
Btu/ft2-sec-OR

ITTE Enthalpy of air based onTTE, Btu/:bm

SITT Enthalpy of air based onTT, Btu/bm

Iwhret he values of air erased on TTL, ftreach

• themocopl epr 18.



ITW Enthal py of ai r based on TW, Btu/l bm

ITWX Enthalpy of air based on TWX, Btu/Ibm

KPP, KPPU, KPRES, Coefficients obtained by the pressure stabilization
KPW, KP (1-5) routine for Pitot pressure, upper Pitot pressure,

Preston tube pressure, surface pressure Mach/Flow-
Angularity pressures 1-5. 1/psi-sec

KNPP, KNPPU, Nominal stabilization coefficients, evaluated by
KNPRES, KNPW, an examination of the calculated coefficients de-
KNP (1-5) fined above. 1/psi-sec

(L/D)W Lift-to-drag ratio (based on CA), wind axes

LM Model reference length, in.

M Free-stream Mach number

ME Mach nunber at boundary-layer edge (ML at DEL)

ML Local Mach number, from Pitot pressure and wall
pressure measurements 4

MLC Local Mach number inferred by the Mach/Flow
Angularity probe A

MODEL-ROLL Model roll angle, zero for single slice on top

and positive for clockwise rotation, looking
upstream, deg

SMT Preston tube data reduction parameter

MU Dynamic viscosity based on free-stream temperature,
I bf-sec/ft 2

MUTE Dynamic viscosity based on TE, lbf-sec/ft 2

2
M MUTL Dynamic viscosity based on TL, lbf-sec/ft

MUW Dynamic viscosity based on TW, lbf-sec/ft2

MUTTL Dynamic viscosity based on TTL, lbf-sec/ft 2

M2 Local Mach number, from Preston tube and wall
pressure measurements

19.



NCP Normal-force center-of-pressure location, body

axes, inches from model nose, XMRP-(CLM-LM/CN)

NOSE RADIUS, Rh Model nose radius, in,

OMEGA Radial position of gages or orifices, deg

ORIFICE Identification number of the pressure orifices

P Free-stream static pressure, psia

PAVG Average pressure value of the Mach/Flow-Angularity
probe "static orifices" [(P1 + P2 + P3 + P4)/4),
psia (

PAVGP5 Ratio, PAVG/P5

PAVGP5C PAVGP5 corrected for Reynolds number effects
PAVGP5R

PAVGP5C RE = 3.7 PAVGPSREL
PAVGP 5 REL

PBA Average base pressure, psia

PBI Base pressure, i = I to 4, psia

PHI Model roll angle, deg

PHIl Indicated roll angle, deg

PHIO Roll alignment of the -Mach/Flow Angularity probe
with respect to the tunnel axis, aero for oriFice
P1 on top and positive for P1 rotated clockwise
looking downstream, deg

* PN Data point number

PP, P(1-5), PPRES, Pressure measurement for the pitot tube, Mach/Flow
PPU, PW Angularity pressures, Preston tube, upper Pitot,

and surface pressures, respectively, psia

PPI, P(I-5)I, First transducer measurement for the Pitot probe,
PPRES1, PPU,, Mach/Flow angularity pressures, Preston tube, upper
PW1 Pitot, and surface pressures, respectively, psia
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E.

S"PPF, P(I-5)F Final transducer measurement for the Pitot probe,
PPRESF, PPUF, Mach/Flow angularity pressures, Preston tube,
PWF upper Pitot, and surface pressures, respectively,

psia

PPE Pitot probe pressure at the boundary-layer edge
(PP at ZP = DEL), psia

JPPI Pitot probe pressure interpolated to ZT, psia

PSIO Yaw alignment of the Mach/Flow Angularity
probe with respect to the tunnel axis, positive
for the probe rotated counter-clockwise as viewed
from above, deg

"PT Tunnel stilling chamber pressure, psia

PTAU Preston tube data reduction parameter

PTM Measured tunnel stilling chamber pressure, psia

PTP Preston tube compressibility parameter
SPT2 Free-stream total pressure downstream of a normall

•.( shock, psia

PW Model surface pressure, psia

PWX Model surface pressure at the location of the
4"rvcy, psia

Q Free-stream dynamic pressure, psia

1 QDOT Heat-transfer rate at model surface,Btu/ft 2-sec

RE Free-stream unit Reynolds number, ft

REE Unit Reynolds number at boundary-layer edge (REL
at ZP = DEL), ft- 1

REL Local unit Reynolds number, ft-I

RETD Local "normal shock" Reynolds number based on total
temperature probe reference dimension and viscosity
of MUTTL

RETTE "Normal shock" unit Reynolds number at boundary-
layer edge (RETTL at ZP = DEL), ft-

(21.



RETTL Local "normal shock" unit Reynolds number (based
on viscosity of MUTTL), ft-'

RHO Free-stream density, Ibm/ft 3

RHOE Density at bqundary-layer edge (RHOL at ZP

DEL), Ibm/ft-

RHOL Local density, Ibm/ft 3

RHOUE Product of RHOE and UE, Ibm/sec-ft 2

RHOW Density based on TW, ibm/ft 3

RN Model nose radius, in.

RT Preston tube data reduction parameter

RUN Data set identification number

R2D Local Reynolds number, based on Preston tube diameter

S Curvilinear surface distance from model nosetip,
in.

SLICES Number of slices on bottom, aft portion of the model

SST(TT) Stanton number based on TT,

ST(TT) QDOT
(RHO) (V) (ITT-ITW)

SURVEY STATION Location of the survey, corresponds to the pressure

NO orifice number above which the survey began ,

T Free-stream static temperature,

TAUX Wall shear stress (Preston tube), lb/ft2

TDEL Delay time between data initiation and start of data
recording, sec

TE Static temperature of boundary-layer edge (TL at
ZP = DEL), OR

22.



TGi Model surface temperature corresponding to coax
gage "i", OR

THETAO Pitch alignment of the Mact:/Flow-Angularity
probe with respect to the tunnel axis system,
positive for probe tip rotated up, deg

TL Local static temperature, OR

TNPP, TNP(I-5), Nominal time constant for the Pitot probe, M-ach/
TNPRES, TNPPU, Flow Angularity probe, Preston tube, upper Pitot
TNPW probe, and surface pressure measurement, respec-

tively, seconds

e.g., TNPP , sec
KNPP(2-PPF + APP)

TREC Elapsed time to record 40 samples of pressure
history for pressure stabilization routine,
seconds

TRIP Buindary-l ayer trip identification
TT Tunnel stilling chamber temperature, R

TTE Total temperature at boundary-layer edge (TTL
at ZP = DEL), OR

TTL Local total temperature, measured by an unshielded
thermocouple probe and corrected for Reynolds
number effects, OR

TTLI Local total temperature interpolated to ZP, OR

TTLU Uncorrected (measured) probe total temperature, 0 R

TW Gardon or coax gage surface temperature, R

TWX Temperature of coax gage nearest the survey station,
- OR

UE Local velocity component parallel to model surface
at boundary-layer edge (UL at ZP DEL), ft/sec
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UF, VF, WF Local velocity vector components with respect to

the tunnel axis system, ft/sec

UL Local velocity parallel to the model surface:
computed from Pitot pressure, wall static pres-
sure and total temperature measurements. con-
sidered valid near the model (boundary layer
rrgion), ft/sec

UM, VM, WM Locil velocity vector components with respect to
th'. model axis system, ft/sec

UP, VP, WP Local velocity vector components with respect
to the Mach/Flow-Angularity probe, ft/sec

U2 Local velocity computed from Preston tube pressure,
wall static pressure and wall surface temperature
measurements, ft/sec

V Free-stream velocity, ft/sec

VL Local total velocity at the Mach!Flow Angularity
probe, ft/sec

X, Y, Model instrumentation locations

- XF, YF Flap instrumentation locations

XMRP Axial distance from model moment reference point
to model virtual apex, in.

XT Axial distance from model moment reference point
to balance momement reference point, in.

XT YT ,ZT Orthogonal tunnel axis system coo dinates, tabulated
values are nominal location of the probe during cali-
brations, in.

YCP Side-force center-of-pressure location, body axes,
inches from model nose, XMRP-(CLN.LM/CY)

ZB Vertical distance from the model x-axis to the
centroid of the base area, positive if the centroid
is below the x-axis at PHi 0, 0 (no slices) or
-0.348 in. (doutle slice)
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ZM Height of MachiFlow-Angularity probe above model
surface along a normal line, in.

ZP Height of Pitot probe above model surface along
a normal line, in.

ZPU Height of upper Pitot probe above model surface
along a normal line, in.

ZT Height of total temperature probe above model
surface along a normal line, in.

Z' Direction of the probe travel along the Z'
Drive Shaft
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1.0 INTRODUCTION

Within the last decade significant advances have been made in

computer architecture and in the complementary development of large scale

computer programs for solving complex non-linear problems. In the field

of fluid dynamics, computer programs have been developed to provide de-

tailed properties of the flow field surrounding complex aerodynamic con-

figurations. In addition, during this past decade, energy costs have

risen so dramatically that the 'customary' use of the wind tunnel as a

vehicle-configuration design aid has diminished significantly. As a re-

sult, a suitable combination of numerically generated configuration aero-

dynamics with experimentally generated results can lead to the desired

solution in an efficient and cost effective manner.

Recognizing the advances that were being made in computational

fluid dynamics, the Air Force structured the Maneuvering Aerothermal

Technology (MAT) program to assess and improve the currently available
Lt technology for predicting MaRV aerothermal performance for current and

next generation vehicles in flight regimes characteristic of future mis-

sion requirements. The types of computer codes that were to be evaluated

in this contract ranged from the empirical methods (such as the Hypersonic

Arbitrary Body Program (hABP) and the Aerodynamic Heating Program (AERHEAT))

which contain the technologies of the 60's, to the more current "sophisticated"

large scale programs which numerically solve various simplified versions of

the Navier Stokes equations. These include the inviscid flow field solutions,

boundary layer solutions, and the more recent parbolized Navier Stokes (PNS)
computer solutions.

These large scale computer codes, like newly developed wind tunnels,

require a detailed "shake down" to resolve developmental difficulties in logic,

"numerics, grid resolution, turbulence modeling, etc. To accomplish a complete

check-out of these programs, detailed "bench-mark" experimental data are re-

quired with which to resolve their predictive capabiiities. The current set

26.
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of experimental data were obtained with this objective in mind. However
one must recognize that the predictive ability and accuracy of any aero-

dynamic computer code is dependent on the vehicle configuration. Thus

one must first establish systems requirements and performance goals,

then consistent with these, establish the generic vehicle configuration(s)

that are required to meet these requirements and goals. The MAT program

has provided both the systems requirements and performance goals. The

current set of experimental data satisfy one aspect of these overall ob-
jectives. Specifically, flow field data were obtained on sharp and blunt

axisymmetric biconic configurations under laminar and turbulent boundary

layer flow conditions over a range of hypersonic Mach Numbers and angles

of attack. In addition data were also obtained on the aft section of the

bicone where a slice cut was taken and where a flap was placed. This type

of configuration represents one type of maneuvering reentry vehicle (MaRV)

of specific interest to the Air Force. The types of data obtained are

configuration force and moment, surface pressure, shear, heat transfer,

and flow field surveys including pitot pressure, total temperature, and

flow angularity. The force and moment data provide the resultant check-

out accuracy of all of the computer codes-empirical or 'exact'. However

to provide additional diagnostic detail when agreement with these data is

less than satisfactory, is the specific role of the detailed data-surface
and flow-field measurements. The shock layer surveys are an especially

useful diagnostic tool in regions of the configuration where sudden ex-

pansions or compressions are present. For these reasons, in the current

test series, the shock layer surveys were concentrated in the slice/flap

regions of the vehicle along with sufficient upstream measurements on the

axisymmetric surfaces to provide the bench-mark' reference.

This report summarized and catalogs the entire body of data

obtained on the biconic configurations in the AEDC-VKF Tunnels B and

C at Mach numbers of 6, 8, and 10. The test specifically sponsored by

the MAT program corresponds to the Mach 8 turbulent boundary layer

27.



experimental on the 10.50/70 sliced bicone with flap. The remainder of the

experiments referred to in this report were conducted by AEDC personnel

under BMO sponsorship and Aerospace/TRW guidance. This report also provides

some particulars of the data reduction details, provides typical results and

limited data trends, highlights, and observations. Lastly, it contains

illustrative examples of data extraction for code validation and check-out.

28.
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2.0 APPARATUS

2.1 Test Facilities

The tests were conducted in the hypersonic flow tunnels of the

von Karman Facility at the Arnold Engineering Development Center;

Tunnel B for Mach 6 and 8 and Tunnel C for Mach 10. Nominal tunnel

performance characteristics are presented in Table 1.

TABLE 1. TUNNELS B AND C PERFORMANCE

Nominal p, psia T ,F q, psia PRe/ft x 10-6
Tunnel Mach

Number Min. Max. Max. Min. Max. Min. Max.

6 20 270 390 0.3 4.1 0.3 4.7

8 50 850 890 0.3 3.8 0.3 3.7

C 10 ..... ..200 2000 1450 0.3 3.0 0.3 2.4

Both tunnels are closed circuit with axisymmetric contoured nozzles

with a 50 inch diameter test section and operate continually over a range of

pressure levels with air supplied by the main compressor system. Stagnation

temperatures sufficient to avoid liquefaction in the test section are ob-

tained through the use of a natural-gas-fired combustion heater in combina-

tion with the compressor heat of compression at Mach 6 and 8 and in combina-

tion with electric resistance heaters at Mach 10. Each entire tunnel (throat,

nozzle, test section, and diffuser) is cooled by integral, external water

jackets. Both tunnels have identical test sections equipped with model in-

jection systems.

Directly below each test section is a tank (Figure 1) into which

the model and its support can be retracted. The test section can be sealed

from its tank so that the tunnel can remain running while the tank is vented

to atmospheric pressure in order that personnel may enter the tank to make

modifications to the model or its support system. After the desired modi-

fications are made and the tank entrance door is closed, the tank is vented

29.
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to the test section pressure, the doors between the tank and test section

are opened, and the model is injected into the airstream to obtain the
desired data. Upon completion of the data acquisition, the model is re-

tracted and the cycle completed. The injection system is also used for

transient heat-transfer tests in which the molel is cooled in the retracted
position, set at the desired attitude, and injected into the airstream to

obtain the time history of the temperatures at various locations on the

model. The minimum injection time is about two seconds and the maximum

acceleration or deceleration is about one g. The model is exposed to

the airstream approximately 0.9 sec. prior to the injection stroke limit

with the model in test position.

2.2 Model Detail

The model used for this investigation was comprised of several (
sections jhich permitted the testing of a sharp and blunt 70 cone, and

sharp and blunt bicones with 10.50 and 140 forecones. All components were

fabricated from type 304 stainless steel. In addition the common 7 half

cone aft fri~stum was also sectioned to permit the inclusion .of a slice/

flap region. In order to provide a turbulent boundary layer for the blunted

configurations, a ring of roughness trips were employed. Contained in the

following sections is a detailed description of the model geometries used

in this investigation including the trip geometry and the location of the

surface instrumient•tion.

2.2.1 Basic Body

The test model used in this investigation is modular in concept,

from which several bicone geometries, sharp and blunt, were assembled.

The basic model components are shown in Figure 2. Exclusive of the sharp

or blunt nose sections, the remainder of the model is comprised of three

sections, the forecone section with half angles of 70, 10.50, and 140,

and the two 70 aft cone sections. For each bicone configuration, a sharp
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D =0 0= 1.885 0= 4.911 D 7.92 0 = 9.823

X= 0 = 3.603 = 7.676 = 20.000 32.250 40.000

00 D= .550 D=4.911,

R R 10550

X = 0 = 2.244 = 4.182 13.250

D =0 D =1.550

RN 0. 5140

X=0 = 1.567 = 3.109 = 9.849

FIGURE 2. BASIC MODEL GEOMETRY
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and a 0.50" RN nosetip was tested. In summary, for this basic test

series the following axisymmetric bicone configurations were tested.

Model
Nose-RN Forecone Aftcone Length

0(.0015") 70 70 39.989

0.50" 7° 7 36.397

0 10.50 70 33.250

0.50" 10.50 70 31.006

0 140 70 29.849

0.50" 140 70 28.282

2.2.2 Slice Region

In addition to the aft 70 conical frustum section, two additional

aft sections were fabricated. One section had a double windward slice as

shown in Figure 3. The first slice is parallel to the axis and starts

* 7.75 inches upstream of the base. The second slice on this section is
0inclined 7 downward, 2.75 inches upstream of the model base. This aft

section was used for the force and moment test series.

The other aft cone section had an identical windward side series

of slices; however, in addition it also had a single parallel slice on the

leeward side as shown in Figure 3. This aft section was used for the re-

mainder of the test series; that is the pressure, heat transfer, and shock

layer profiles

2.2.3 Flap

Under MAT program sponsorship, a series of flaps were fabricated

for use with the aft slice sections. Three were built, a 10° and 200 con-
tinuous span flap and a split 200/100 flap as shown in Figure 4. The hinge

*ine of the flaps were located at the juncture of the second windward cut,
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2.75 inches upstream of the base. For simplicity of installation the flaps

were manufactured with a 0.50 inch overhang from the base and were attached

to the basic body by fasteners into the base.

2.2.4 Roughness/Boundary Layer Trips

In the course of these experimental investigations, several test

series were conducted for the primary prupose of determining the trip size -

for a given model bluntness and test facility - which would provide a tur-

bulent boundary layer (hopefully with the absence of inviscid flow distur-

bances). These investigations were primarily performed using the model
surface heat transfer (cold wall) as the diagnostic for determining the

departure from laminar flow. However, in certain cases investigations

were also performed using the boundary layer portion of the shock layer

survey as the diagnostic (i.e., for the hot wall case). Although the

trip size, geometry, and relative placement on the models were similar,

these parameters varied for several of the test series. Rather than

summarize the pot-pourri of trips used, they are shown in Figures 5 and 6

for the Mach 6 and Mach 8 investigations, respectively.

The boundary layer trips consisted of distributed roughness

formed by attaching Carborundum grit to the model surface, or by machining

helical grooves in a spiral fashion (clockwise and counter clockwise) on

the conical frustum part of the nose, or by blasting the metal surface

with grit until the desired roughness was attained. The test data sum-

marized in the following sections of this report will refer specifically

to the trip used from Figures 5 and 6.

The turbulent boundary layer shock layer survey tests were

performed using the machined roughness trips defined in Figure 6a and

shown photographically in Figure 7.
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F NOMINAL
_c_(DEG) RN (IN) S1 (IN) S2 (IN) GRIT NO. GRIT SIZE (IN)

7 0.05 1.481 3.900 60 0.010

4 - 30 0.022

0.10 1.552 3.500 46 0.014

0.50 1.574 0.800 80 0.0065

60 0.010

46 0.014
30 0.022

20 0.037

10.5 0.05 1.352 2.700 60 0.010

0.50 0.949 1.300 60 0.010

÷4.. 4 30 0.022

14 0.05 1.069 2.000 60 0.010

0.50 0.661 1.200 iQo 0.0048

"80 0.0065
_ 46 0.014

a. DISTRTBUTED GRIT TRIP

"FIGURE 5. BOUNDARY LAYER TRIP GEOMETRY

[M 6, a=00 1
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8 X De SPHERE NO. OF
mDEG. IN . IN.o DIAM., IN. SPHERES

- 7 6.5 1. 504 0.093 17

S10.5 4.0 1.530 0.046 35
10.5 4.0 1,530 0.125 13

- 14 3.0 1.558 0.046 35

,14 3.0 1.558 0.093 18
e. SPHERICAL ELEMENT TRIPS

FIGURE 5, BOUNDARY LAYER TRIP GEOMETRY (CONCLUDED)
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2.2.5 Instrumentation

As indicated earlier, the measurements in this test series

included total model static force, surface heat transfer, pressure

and temperature, and also shock layer surveys (which included Pitot

pressure, total temperature, Preston tube, and Mach/Flow Angularity

measurements).Contained below is a summary discussion of the model

surface instrumentation and locations, and the balance used for

forces and moment definition. The material that is summarized below

is excerpted from the appropriate AEDC Test Summary Reports (TSRs)

and will be so referenced.

Model flow-field photographs were obtained with a single-pass

optical flow visualization system through the two 17.25 inch diameter

test sections windows.

2.2.5.1 Static Force

Static force measurements are provided using either point-pause

or continuous sweep techniques. In the more conventional point-pause tech-

nique, the model support mechanism is moved to the desired model angle

and stopped, measurements are taken, and then the sequence is repeated by

moving to the next desired angle. In the continuous sweep technique the

•odel is continuously varied in angle while measurements are taken, at

rates of 0.5 deg/sec in pitch and 2 deg/sec in roll.

Forces and moments on models are measured with a six-component

internal strain-gage balances using conventional foil and semiconductor

gages. Balance details are described in Reference 1. The balance is

temperature compensated over the range from 80 to 180OF. Two copper-

constantan thermocouples are provided for monitoring balance temperature.

43.



The measuring and recording devices, and the calibration methods

used for all measured parameters along with the estimated measured un-

certainties are provided in Reference 2 for the Mach 10 laminar static force

tests and in Reference 3 for the Mach 8 turbulent tests. Model base pres-

sure was measured in the point - pause mode of operation with the VKF

standard pressure system which uses 1-psid variable capacitance trans-

ducers referenced to near vacuum.

A photograph of the model mounted for the static force series

shown in the dump tank below Tunnel B is presented in Figure 8. The

machined trip ring device is readily seen in this photograph. Figure 9

portrays the model assembly in the Tunnel B test section.

2.2.5.2 Model Surface Instrumentation

Surface mounted instrumentation consisted of Gardon gages, coaxial

thermocouple gages, and pressure orifices. The tests were conducted in

several separate entries where the model configuration varied per entry,

consequently the surface instrumentation also varied. The reference for

each data set and the configuration tested is listed below.

Reference Data Set Models

4 Mach 6, i=0 70 Cone
(Turbulent) 140/70 Bicone

5 Mach 6, =0 70 Cone
"(Turbulent) 10.50/70 Bicone

140/70 Bicone

6 Mach 8, a 0 70 Cone
(Turbulent) 10.50/70 Bicone

140/70 Bicone
7 Mach 10,a 0 140/70 Bicone w/Slices

(Laminar)

8 Mach 8. a A 0 10.50/70 Bicone w/Slice
(Turbulent) and Flap

, •44.I!
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Heat transfer data were obtained using 0.125 inch diameter

Gardon-type heat flux gages with Iron-ConstantanR case thermocouples.

For the Mach 6 tests where the tunnel stagnation temperature is relatively

low, it was possible to use the Gardon-gage not only as a transient gage

for measuring heat transfer in the pulse entry mode, but it could also be

used in the steady state-long time entry (i.e., for profile measurement)

mode. The case thermocouple served a dual role by providing a sensing

disc edge temperature used in the evaluation of the heat-transfer coef-

ficient and by indicating the model wall temperature during th', long

hot-wall runs. As an additional check on the long term wall temperature

ceaxial surface thermocouples were used.

- In the Mach 8 and 10 tests where the tunnel stagnation temperature

is significantly higher and where the Gardon-type gages would not survive

a long time entry, the model was only instrumented with this type gage

for short duration heat transfer tests. Prior to the survey tests, the

Gardon gages were removed and the holes were plugged or replaced by coaxial
gages and the afterbody was replaced with a pressure instrumented after-
body. The pressure orifices in the afterbody were located at the same

locations as the Gardon gages. The coaxial gages (surface thermocouples)

were added for the survey tests to provide model surface temperature.

K-( fl:tails of both types of gages may be found in Reference 9.

Three flap assemblies were used: heat transfer, full span pres-

sure, and split pressure as depicted in Figure 4. The heat transfer flap
was a full span adjustable deflection flap instrumented with nine Gardon

gages. The full span pressure flap was essentially the same as the heat

transfer flap except for instrumentation. The split pressure flap had fixed

deflection angles of 10 and 20-deg for its two sides and was instrumented

.4. with seven orifices and two coaxial surface thermocouples. Specific gage

and orifice locations are presented in Reference B and Section 3.4
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It should be noted that in all cases the model was instrumented

with more than 75 Gardan-type gages, and more than 80 pressure orifices

so that a relatively complete surface coverage was obtained. The reader is

referred to Section 3 or the specific test report for detail definition

and locations of the surface instrumentation.

2.3 Flow Field Survey Probes and Probe System

Two separate probing systems were used to perform the boundary

layer and flow field surveys. An overhead probe system which was the

primary flow field survey mechanism was instrumented with a pitot tube,

unshielded thermocouple probe and a Preston tube. A second system which

was used with the axisymmetric bicones was attached to the model support

sting and was equipped with a Pitot tube and an unshielded thermocouple

probe. A Preston tube was included on the on-board probe installation,

but pressure response from this probe was not satisfactory and data from

this probe are not valid.

The axial, X, lateral, Y, and vertical, Z, overhead probe drive

system, is used to survey flow fields in Tunnels B and C. The positioning

mechanism is mounted above a port on the top of the tunnel. The X-Y-Z

mechanism has five degrees of freedom: X, Y, Z, Z' and ALPT. In addition

to the X, Y, arfd Z controls, this mechanism has the capability for inclining

the probe head by an angle ALPT relative to a vertical (from the Z axis),

and then probing in the Z' direction along this tilted vertical axis.

Precision surveys along the Z' axis can repeatably be made to within

S0.005 inches. Positioning of the probe holder attachment is arbitrary

in the sense that no preprogramming is required and the mechanism moves

independently of the model. All stations to be sampled must remain within

the mechanism traversing envelope. Shown in Figures 10 to 12 are photo-

graphs of the probe housing assembly and of the probe holder assembly.

Figure 13 is a photograph of the probe holder assembly shown in proximity
S~to the model. The flattened Pitot, upper Pitot, total temperature and

Preston tube probes were mounted in one probe holder, while the Mach/Flow-
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Angularity probe was mounted separately. The upper Pitot was moved from 2

inches to 3 inches above the Pitot, Preston, and total temperature probes,

when leeward surveys were performed. The second probe was used to minimize

data acquisition time for the thick shock layers.

Probe positioning in the vicinity of the model surface, probe

deflections and probe spacing are measured and monitored optically with

the VKF closed circuit television (CCTV) system. The model and probes are

back lighted using the collimated light beam shadowgraph system. The CCTV

system can monitor the system at the rate of 30 frames/second, 1224 lines/

frame, and with a magnification factor of 38. Positioning of the probes

at a desired location is achieved using a graticule, marked in increments

or marked to indicate stations along the model surface. Spacing between

the probes and the model surface can also be measured optically. The

television image is also used to verify contact between the survey probe

"and the model surface. The camera is isolated from the tunnel vibrations

by mounting it with the optics system which has a separate foundation from

"the tunnels. A front lighted high magnification TV of approximately 7 power

was used to view the 10 degree flap section of the split flap.

2.3.1 Pitot and Unshielded Thermocouple Probes

Total pressure (Pitot) and total temperature proh neasurements

were used in conjunction with the wall surface static preý ,e measurements

to extract the total pressure and total temperature profiles, o-d the local Mach

number in the boundary layer. To survey boundary layers, probes of small

dimensions were used to minimize probe size effects on the resolution of

the profiles. Boundary layer probes were designed to "Ain measurements

close to the surface within the boundary layers and ye. remain parallel to

the model surface.
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The unshielded thermocouple probes were made with Chrome!-Alumel

thermocouples which had an estimated uncertainty of ± 1.5 0 F + 0.375 per-

cent of reading . The unshielded thermocouple probe had a wire junction

diameter of approximately 0.007 inches. A reference dimension of 0.005

inches was used for data reduction purposes. The time response and the

resolution of the probe location are improved by using such small probes.

Total temperature probe uncertainties associated with the heat transfer

between the probe and environment were accounted for in the freestream

probe calibration (convection and conduction effects).

As shown in Figures 10 through 12, two Pitot tubes were attached

to the probe holder assembly. Both Pitot probe pressures (on-board and over-

head) and the overhead Preston tube were measured with 15-psid DruckR

transducers which had an estimated measurement uncertainty of * 0.009 psi.

A near vacuum reference pressure was used with these transducers. The

near vacuum reference pressure was measured with a Hastings absolute

pressure transducer. The Pitot probe used for surveys near the model sur-
, face were fabricated by flattening ar 0.024 inch O.D. (0.020 I.D.) tube as

shown in Figure 14. This procedure produced a probe tip thickness of 0.020

inch with an open slit of 0.005 inch height. Pitot and total temperature

probes are illustrated in Figure 14.

2.3.2 Preston Tube

The Preston tube geometry is illustrated in Figure 15. The tube

tip dimensions are consistent with those that have been used previously

(References 10 and 11) for obtaining Preston tube calibration factors.

2.3.3 Mach/Flow-Angularity Probe

A Mach/flow angularity probe (Probe #5) was used to measure the

local stream total pressure, local Mach number, and local flow angle. The

Mach/flow angularity probe is shown in Figure 16. The probe is 0.068 inches

in diameter, made up of 5 individual tubes of 0.012 inches I.D. Probes this j
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small minimize probe interference and improve the resolution of the measure-

I ment location while mapping complex flow fields. Mach/flow angularity probes

are calibrated to measure the two flow directional angles of the airstream

with respect to the probe. Typically, pressure measurements in tubes 1

and 3 are in the vertical or pitch plane and tubes 2 and 4, are in the

horizontal or yaw plane of the flow field.

- 5
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3.0 SUMMARY OF TEST CONDITIONS

AND DATA ACQUIRED

A rather large body of detailed experimental data were obtained

"at AEDC at Mach numbers 6, 8, and 10 on sharp and blunted 10.50/70 and

140/70 bicones and on a 70 cone. The data consisted of static force and

moment, surface pressure - heat transfer - and shear (via a Preston tube)

measurements, and lastly boundary/shock layer surveys. The survey data

"are composed primarily of Pitot pressure and total temperature with some

limited Mach/Flow angularity measurements.

In addition to obtaining data on the axisymmetric configurations,

modifications to the aft cone consisting of a windward double slice, a

leeward single slice, and the addition of a flap at the second windward

slice were made and a full complement of data taken. These data were

taken over a 3-4 year span, where the detailed measurements on the 10.5/7

70 bicone with the slices and flap were performed last and were planned

and conducted by SAI under the BMO/MAT program sponsorship.

Data were obtained for both laminar and turbulent boundary layer

flows. In order to promote turbulence near the nose for the blunted con-

N11 figurations, boundary layer trips were employed. A considerable effort

was directed toward defining the minimum trip size that would promote

turbulent flow and yet not materially affect the inviscid shock layer

flow. This trip investigation was not only performed at zero angle of

attack, but also at the larger angles that manuevering vehicles fly (i.e.,

to 200).

Contained in this section of the report is a summary listing of

all of the data obtained on these configurations. Specifically, Table 2
presents an overall summary of the data obtained on the 70 cone, while

Table 3 provides a sumnary of the bicone model data. Sections 3.2 through

3.4 contain details of each of the subset experiments conducted, including

detailed AEDC data group numbers for each measurement set.

- 58.



1 R n

00

U)%

0 Z=

<•

Hý Cl-

S|I ... ., .

tOt

0L 0.c1 1 1 1

J0

5 x It

UL U

c3 I

c> HD cm. uC w
z Z X e /



iii

LC~C>

* CD C.,0 *

Ix 
CD CDC

-~0~

-- LL... . .... ... LI .. ... ..... C -S. C.C. L.C I. I. L.

I.-.

I C

~LLJ 00 0 00

< 0 C I

I-c ., I.. '¶' I I C U C-- C

4n

-i --------
U... CD ..

>- 0 0*I C ... .....

L-- - - _ _ _

• .___ _____ ______•

i4

i1 t:. I d C-,

__i 
La _ _

0__i__ ._ __ __ I0 S

~ _ _ _ 60.



0M -

LL

..- ..........

CI

iu

* 4

*44 z '-, J 
-:,o' *o

Z a4-

i o 0"

- • o4-. . ... . I I 4 4---o.

2)) Z) 4 4

LL o

00

- c -- -----------

0> 

,•

a w

LC)
<~C3

Ct) *a4.l

lV La

4161.



3.1 Axisymmetric Body -, Turbulent Flow;

M.= 6,01=0 (References 4 and 5)

The testing of the axisymmetric 70 cone, and 10.51/7 and

140/70 bicones were conducted in two phases. The objective of the

first phase was to determine the smallest boundary layer trip that

would bring boundary layer transition near the trip without intro-

ducing disturbances in the flow field. A boundary layer trip that

brought the end of the transition in the vicinity of the first heat

gage (s = 8.15 for the 70 cone, and 3.91 for the 140/70 bicone) was

considered effective and suitable to be studied in more detail. This

initial approach was taken since the ultimate goal was to fix the end

of transition on the forebody of the biconic configurations to be

studied in detail in later test phases.

The objective of the second test phase was to evaluate the

influence of boundary layer trips on boundary layer and flow field

characteristics. Flow field surveys were performed at several longi-

tudinal body stations on configurations with different nosetips and

trip combinations. Corresponding heat transfer data were obtained to

identify transition and verify that turbulent flow existed at the probe

survey stations.

Figure 17 lists the survey station for each basic body con-

figuration while Table 4 indicates the location of the surface instru-

mentation for each of the three configurations.
A-

A summary of the nominal test conditions at each Reynolds

number is given below:

SMoo po9 psia To, 0R s¶ugs/ft° qC,psia p.,psia Rejft x 10-6

5.91 55 845 2.98 0.919 0.037 1.0
5.94 131 845 7.06 2.180 0.088 2.5
5.95 250 845 13.37 4.131 0.167 4.7
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St IN.

"I STATION 7 DEGREE 10.5/7 DEGREE 14/7 DEGREE
NO. CONE BICONIC BICONIC

1 38.800 32.125 28.801

2 30.300 23.625 20.301

3 20.150 14.486 11.162

4 15.150 13.233 9.909

5 - 8.483 6.159

FIGURE 17, PROBE SURVEY LOCATIONS
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TABLE 4. SURFACE INSTRUMENTATION LOCATIONS

a. Pressure Orifices

oo

180,0S, IN.

ORIFICE 7 DEGREE 10.5/7 DEGREE 14/7 DEGREE
NO. CONE BICONIC BICONIC DEG.

1 39.800 33.125 29.801 0
2 38.300 31.625 28.301
3 36.300 29.625 26.301
4 34.300 27.625 24.301
5 32.300 25.625 22.301
6 30.300 23.625 20.301
7 28.300 21.625 18.301
8 26.300 19.625 16.301
9 24.300 17.625 14.301

"10 22.300 15.625 12,301
11 20.150 14.486 11.162
12 17.150 14.111 10.787
13 15.150 13.736 10.412

14 13.150 13.233 9.909
15 11.150 12.483 9.159
16 9.150 10.483 7.159
17 8.150 8.483 6.159
18 - 7.483 5.159
19 - 6.483 4.659
20 - 5.483 4.159
21 - 4.983 3.659
22 39.800 33.125 29.801 -90
23 30.300 23.625 20.301
24 11.150 5.483 4.659
25 39.800 33.125 29.801 90
26 30.300 23.625 20.301
27 11.150 5.483 4.659
28 39.800 33.125 29.801 180
29 30.300 23.625 20.301
30 11.150 5.483 4.659
31 BASE BASE BASE 0
32 BAS,- BASE BASE 180
33 38.800 32.125 28.801 0

*64



TABLE 4. SURFACE INSTRUMENTATION LOCATIOtMS (CONT'D)

b. Heat Gages

I

S, IN.

GAGE 7 DEGREE 10.5/7 DEGREE 14/7 DEGREE w
NO. CONE BICONIC BICONIC DEG.

1 38.300 31.625 28.301 180
2 36.300 29.625 26.301
3 34.300 27.625 24.301
4 32.340 25.565 22.241
5 28.240 21.565 18.241
6 26.240 19.565 16.241
7 25.240 18.565 15.241
8 24.240 17.565 14.241
9 23.240 16.565 13.241

10 22.240 15.565 12.241
11 21.150 14.486 11.162
12 20.150 14.111 10.787
13 19.150 13.736 10.412
14 18.150 13.233 9.909
15 17.150 12.233 9.159
16 15.150 10.483 7.159
17 13.150 7.483 6.159
18 9.150 6.233 5.159
19 8.150 4.983 3.909

6
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Transition location was determined from the heat transfer distribution
obtained with the Gardon heat-flux gages. Prior to each run the model was
cooled to approximately 520OR by flowing air over the model. The model was
injected into the tunnel flow for about five seconds while a continuous
record of gage output was recorded. Data presented in the Data Package
were reduced approximately one second after the model reached the centerline
of the wind tunnel. Some runs were obtained with a hot wall to minimize
the time required for a full cooling cycle. Since the thermal driving
potential (To - Tw) was low for these cases, the data uncertainty was
significantly greater than the cool wall data. However, these data were
qualitatively useful in determining the presence of transition.

Surface pressure distributions were obtained on selected configura-
tions. It should be noted that surface pressure at each probe station was
obtained each time a survey point was recorded. This procedure made it
possible to confirm that local wall pressure had been obtained in the
absence of any local probe disturbance or interference.

Initial probe positioning on the model wall was monitored with the
closed circuit television system (CCTV). The television image was used to
monitor probe longitudinal location and to verify Preston tube and Pitot
probe contact with the model surface. At each survey station, a reference
mark was painted on the model surface with black paint to provide an optical
target for positioning the prooe. The Preston tube and Pitot tube were
brought down until they both were in contact with the model surface. It
is estimated that the probe was located axially to within ± 0.050 inches
of the reference marks.

Initial data were obtained with the Preston tube and Pitot tube in
contact with the model surface. The first three probe positions above the

* model surface were obtained using manual probe drive control to achieve the
* desired small height increments between points. Remaining points in the

surey aere obtained using an autoitic system which drove the probe to
predetermined locations above the model surface. Note that the only point
valid for the Preston tube measurements was the initial point at the model
wall. Each survey consisted of approximately 50 points.
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Table 5a through 5c present the AEDC data group numbers from

References 4 and 5 (and the complementary data tabulations) for each con-

figuration tested for the heat transfer, pressure, and shock layer survey

tests, respectively.

3.2 AxIsymmetric Body-Turbulent Flow:

Mach 8, 0 =O (Reference 6)

The overall test objective was to obtain a turbulent-flow data

base with which to validate and develop analytical codes to be used in

predicting the hypersonic aerodynamic characteristics of conic and bi-

conic bodies at angles of attack. Data obtained in this series includes

surface heat transfer, pressure,and detailed flow field measurements in-

cluding flow-angle information.

A major portion of the test was devoted to flow-field surveys

over two basic configurations, the 7-digree cone (sharp and blunt nose)

and the blunt biconic configuration (-ore cone/aft cone angles of 10.5

deg/7 deg) at Mach number 8. Windward and leeward surveys were ob-

tained at several model stations, from the model surface to the bow

shock using a probing niechanism located on top of the tunnel. Iii addi-

tion, radial surveys were obtained at one model station near the base

by using an "onboard" probing mechanism. Roll positions relative to the

windward plane of symmetry for these radial surveys were: 50, 75, 100,

120, 140, and ICO degrees. Flow-field probes on the survey mechanisms

were: Pitot probes, unshielded tnermocouple probes, a Preston tube and

a Mech/Flow-Angularity probe.

Surface pressures were measured to provide pressure data for

"boundary layer calculations, and heat-transfer distributions were obtained

to determine the Loundary layer state. A machined boundary layer trip was

4 used for the majority of the tests, to provide the desired fully developed

turbulent boundary layer. Surface shear stress aata were obtained using

a flow-angle sensitive Preston tube attached to the mode!. Data were
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TABLE SC, PROFILE DATA SUMMARY MACH 6, 0 = 0

CONFIGURATION Re. x I0- PROBE SYSTEM

RN TRIP HT. ft- ON-BOARD OVERHEAD*
(IN.) (IN.)

70 0 NONE 4.7 34, 102, 103 36, 106, 107,

215, 217

.05 .011 2.5 -- 219, 220

.50 NONE 4.7 26 --

.50 NONE 1.0 60 --

.50 .010-.014 4.7 25, 42, 123 119, 120, 218

.50 .093 4.7 118 117

10.50/7' .05 .010 2.5 161, 162, 163

.50 .010 4.7 139, 143, 146,
148, 149

.50 .022 2.5 -- 168, 169

.50 .046 4.7 -- 150, 151

.50 .125 2.5 -- 164, 165, 166, 167

4 i4 0 /7 0  .05 .010 2.5 -- 213, 214

.05 .046 2.5 -- 207, 208

.05 .093 2.5 -- 209, 210, 211

.50 .0065 4.7 84 85

.50 .014 2.5 -- 199, 200, 201

.50 .093 2.5 -- 188, 190, 192,
1 193, 195

* DATA TAKEN AT SEVERAL AXIAL STATIONS
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obtained at free-stream Reynolds numbers from 0.5 to 3.7 million per ft,

with the majority of the results obtained at 3.7 million per ft. Model

angles of attack were from -10 to 10 deg and model roll angles were from

0 to 180 deg.

The locations of the heat transfer gages for the sharp 70 and

blunt 70 cones, and the blunt 10.50170 and 140/70 bicones are listed in

Tables 6a to 6d, respectively. Similarly, the locations of the surface

pressure orifices, including the identification of the profile measuring

stations for the sharp and blunt 70 cone and the blunt 10.50/70 bicone

are listed in Tables 7a to 7c, respectively.

A summary of the nominal test conditions at each Mach number

is g4ven below.

M PO, psia T0, OR q, psia p., psia Re. x 1)-6/ft

7.90 100 1220 0.485 0.011 0.5

7.91 125 1285 0.603 0.014 0.6

7.94 210 1280 0.997 0.023 1.0

7.97 330 1310 1.540 0.035 1.5

7.99 560 1330 2.584 0.058 2.5

8.00 850 1350 3.900 0.087 3.7

Heat-transfer distribution data were obtained with high-sensitivity

thermopile heat-flux gages (Gardon type). These data were taken to deter-

mine transition locations, and to evaluate trip effectiveness. In most

cases the model was injected into the tunnel flow at a fixed model attitude.

The data were recorded continuously for a period of about 5 seconds beginning

one second after the model reached tunnel centerline. The model was then

retracted into the test section tank and cooled with high pressure air.

Model wall temperature typically did not exceed 600 0 R during data acqui-

sition. One series of runs was made using the continuous roll sweep ,ode;

with the model pitched at four degrees the model was rolled from 0 to 180 4

degrees while recording the data continuously.
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TABLE 6. HEAT TRANSFER GAGE LOCATIONS

a. 7 Degree Sharp Cone (RN - 0.0015 in.)

00

1800
Gage S, In. S/SREF D, DEG. Gage S. IN. S/SREF u, DEG.
No. No.

1 38.790 0.963 180 18 22.230 0.552 180
2 38.290 0.950 19 21.140 0.525

3 37.590 0.933 20 20.140 0.500

4 36.290 0.901 21 19.140 0.475

5 35.290 0.876 22 18.140 0.450 2
34.290 0.851 23 17.140 0.425

7 33.290 0.826 24 16.140 0.401

8 32.230 0.800 25 15.140 0.37'6

9 31.230 0.772 26 14.143 0.351
10 29.930 0.743 27 13.140 0.326

11 29.230 0.726 28 12.140 0.301
12 28.230 0.701 29 10.840 0.269
13 27.230 0.676 30 10.140 0.252

14 26.230 0.651 31 9.140 0.227

15 25.230 0.626 32 8.140 0.202

16 24.230 0.601 39 38.791 0.963 5

17 23.230 0.577 40 38.791 0.963 15

SREF = 40.291 IN.
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TABLE 6. HEAT TRANSFER GAGE LOCATIONS (CONTD)

b. 7 Degree Blunt Cone (RN = 0.50 in.)

00

!s

1800

Gage S, In. S/SREF w, DEG. Gage S, IN. S/SREF •, DEG.
No. No.

1 35.452 0.959 180 18 18.892 0.511 180
2 34.952 0.946 I 19 17.802 0.482

3 34.252 0.927 20 16.802 0.455 )
4 32.952 0.892 21 15.802 0.428
5 31.952 0.865 22 14.802 0.401
6 30.952 0.837 23 13.802 0.374
7 29.952 0.811 24 12.802 0.346

8 28.892 0.782 25 11.802 0.319
9 27.892 0.755 26 10.802 0.292
10 26.592 0.720 27 9.802 0.265
11 25.892 0.701 28 8.802 0.238

12 24.892 0.674 29 7.502 0.203
13 23.892 0.647 30 6.802 0.184

14 22.892 0.620 31 5.802 0.157
15 21.892 0.592 32 4.802 0.130

16 20.892 0.565 39 35.453 0.959
17 19.892 0.538 40 35.453 0.959

SREF 36.953 IN.
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TABLE 6. HEAT TRANSFER GAGE LOCATIONS (CoNT'D)

c. 10.5/7 Degree Biconic (RN 0.50 in)

00

Gage S, In. S/SREF D, DEG. Gage S, IN. S/SREF D, DEG.

S -o.

1 30.123 0.953 180 17 14.563 0.461 180

z 29.623 0.937 18 13.563 0.429

3 28.923 0.915 19 12.484 0.395

4 27.623 O.874 20 12.109 0.383

5 26.623 0.842 21 11.734 0.371

6 25.623 0.810 22 11.231 0.355

7 24.623 0.779 23 10.231 0.324

* 8 23.563 0.745 24 9.354 0.296

9 22.563 0.714 25 8.481 0.268

S • 10 21.263 0.672 26 7.479 1 0.237

11 20.563 0.650 27 6.479 0.205

12 19.563 0.619 28 5.481 0.173

13 18.563 0.587 29 4.231 0.134

14 17.563 0.555 30 2.981 0.094

1 15 16.563 0.524 39 30.123 0.953 5

16 15.563 0.492 40 30.123 0.953 15

SREF 31.623 IN.
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TABLE 6. HEAT TRANSFER GAGE LOCATIONS (CONT'Dr)

d. 14/7 Degree Biconic (RN = 0.50 in)
00

Gage S, In. S/SREF W, DEG. Gage S, IN. S/SREF w, DEG.
No. No.

1 27.46 0.948 180 18 10.90 0.376 180

2 26.96 0.931 19 9.82 0.339

3 26.26 0.907 20 9.45 0.326

4 24.96 0.862 21 9.07 0.313

5 23.96 0.827 22 8.56 0.296

6 22.96 0.793 23 7.81 0.270
L 7 21.96 0.758 24 6.81 0.235

8 20.90 0.722 25 5.81 0.201

9 19.90 0.687 26 4.81 0.166

10 18.60 0.642 27 3.81 0.132

11 17.90 0.618 28 2.56 0.088.
12 16.90 0.584 33 28.46 0.983 40

13 15.90 0.549 34 50

14 14.90 0.515 35 60

15 13.90 0.480 36 18.90 0.653 40

16 12.90 0.445 37 1 50
17 11.90 0.411 38 60

SREF 28.96 IN.
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TABLE 7. PRESSURE ORIFICE LOCATIONS

a. 7 Degree Sharp Cone (RN = 0.0015 in.)

0O
SREF

Orifice S, In. S/SREF w, DEG Orifice S, In. S/SREF w DEG
No. No.

1 39.791 0.988 0 15 13.141 0.326 0

2* 38.791 0.963 16 11.141 0.277

3 38.291 0.950 17 9.141 0.227

4 36.291 0.901 18 8.141 0.202

5 34.291 0.851 19 11.141 0.277 90

6 32.231 0.800 20 11.141 0.277 180

7 30.231 0.750 21 11.141 0.277 270

8* 23.231 0.701 26 30.231 0.750 90

S9 26.231 0.651 27 30.231 0.750 180

10 24.231 0.601 28 30.231 0.750 270

11 22.231 0.552 29 39.791 0.988 90

12 20.141 0.500 30 39.791 0.988 180

13* 17.141 0.425 31 39.791 0.988 270

14 15.1i41 0.376 1

SREF = 40.291 IN.

* Probe Survey Locations
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TABLE 7. PRESSURE ORIFICE LoCATIONs (CONr'D)

b. 7 Degree Blunt Cone (RN -0.50 in.)

i0i

1800

IOrifice S, IN. S/SREF w, DEG. Orifice S, IN. S/SREF ~,DEG
No. No.

1 36.453 0.9811 0 14 11.803 0.319 0

2* 35.453 0.959 is 9.803 0.265

3 34.953 0.946 16 7.803 0.211

4 32.953 0.392 17 5.803 0.157

5 30.953 0.838 18 4.803 0.130

6 28.893 0.782 19 7.803 0.211 90

7 26.893 0.728 20 7.803 0.211 180

8* 24.893 0.674 21 7. 803 0.211 270

9 22.893 0.620 26 26.893 0.728 90

10 20.893 0.565 27 26.893 0.728 180

11 18.893 0.511 28 26,893 0),7281 20)

12 16.803 0.455 29 36.453 0.986 90

13* 13.803 0.374 30 36.453 0.986 180

31 36.453 0.986 270

SREF =36.953 IN.

*Probe Survey Locations
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TABLE 7, PRESSURE ORIFICE LOCATIONS (CONT'D)

c. 10.5/7 Degree Biconic (RN = 0.50 in.)

00

S

1800

Orifice S, IN. S/SREF w, DEG. Orifice S, IN. S/SREF 9, DEG
No. No.

1 31.123 0.984 0 17 8.841 0.268 0

2* 30.123 0.953 18* 6.481 0.205

3 29.623 0.937 19 5.481 0.173 7
4 27.623 0.874 20 4.481 0.142

5 25.623 0.810 21 3.481 0.110

6* 23.563 0.745 22 2.981 0.094

7 21.563 0.682 23 3.481 0.110 90

8 19.563 0.619 24 3.481 0.110 180
9* 17.563 0.555 25 3.481 0.110 270

10 15.563 0.492 26 21.563 0.682 90

11 13.563 0.429 27 21.563 0.682 180

12 12.484 0.395 28 21.563 0.632 270

13 12.109 0.383 29 31.123 0.984 90

14 11.734 0.371 30 31.123 0.984 180

15 11.231 0.355 31 31.123 0.984 270

16* 10.481 0.331

SREF = 31.623 IN•.

* Probe Survey Locations
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Data acquisition procedures can be divided into

various data types: (1) heat-transfer data, (2) surface pressure

"and flow-angle sensitive Preston tube data, (3) overhead probe

surveys, (4) onboard probe surveys, (5) Mach/Flow-Angularity probe

calibrations and (') total temperature probe calibrations. The

"data acquisition procedures for each type are discussed in the sub-

sequent paragraphs.

Heat-transfer distribution data were obtained with co-

axial surface thermocouple gages. The model attitude was preset,

and the model was then injected into the tunnel flow while recording

data continuously. During this time the model wall temperatures were

no•inally 540 to 5K 0°R. The model was in the tunnel flow (injection

to retraction) approximately 6 sec. Model cooling was accomplished

in the test section tank between injections by blowing high pressure

air over the model.

Surface pressure data, and flow-angle sensitive Preston tube

data were obtained at 3 angles of attack and 8 model roll angles. In

each case, data acquisition was essentially the sane, since the pres-

sures were measured using the AEDC "standard pressure system."

Flow-field surveys with the overhead probes were taken from

the model surface to just beyond the bow shock. A survey run typically

consisted of 40 to 100 data p ints obtained at different heights above

the model surface. The probe direction of travel (Z' drive direction)

was nominally along a "surface normal". The small size of the probe

m .- presen,.ted a m3jor problem in obtaining high quality pressure measure-

ments, namely, the sr 1 tube size causes severe pressure lag or stabi-

lization problems. To alleviate this problem, time-wise data were re-

corded to provide pressure-time histories which were used to evaluate

or 4Jefinie the eq tU1 i~lbrium ,"
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The following data taking sequence was used: (1) the probe

was moved to predetermined height and (2) the data acquisition system

waited a prescribed delay time (2 to 5 seconds) and then recorded 40

loops of data at a constant time interval (0.1 seconds) whtich provided

pressure-time histories. Positioning the probe on the model surface

was monitored optically. An automatic control sytem was used to drive

the probe except at points near the model surface (ZP < 0.09 in.).

Overhead probe survey locations are shown in Figure 18.

Flow-field surveys with the onboard probes were almost identical

in data acquisition t-chnique to the overhead surveys. However the in-

board probes typically did nut get outside the bow shock due to the mecha--

nism limit of travel (2.5 in. maximum). The probes were positioned on

the model surface, and then the model was rolled to the desired attitude

before starting a survey. Thus most surveys with the onboar 2 probes were

conducted without optical monitoring.

LjMach/Flow-Angularity probe calibrations were obtained in the

freestream at discrete probe pitch attitudesm from 3 to 25 degrees. The

i .2 calibration data were obtained at several freestream Reynolds number con-

ditions in order to evaluate Reynolds number effects.

Total tempevature probe calibrations were obtained in the free-

stream for each probe used. For these calibration r':ais, the total pressure

(P0 ) was varied iii 50 psi incremm.nts from 150 to 850 psia. Total tempera-

ture prone data and tunnel conditions were recorded at each pressure level

*.,•d used to determine Reynolds rur.,er effects on the unshielded total temp-

erature probes.

Yables 3a through 3e present the AEDC data group numbers from

RPfereoce 6 (along with the complementary data tabulations) for each con-

-ijur;Jion tested ant, data type.
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7 DEGREE CONE

'10.5/7 DEGREE
B ICONIC

7 DEGREE CONE 10.5/7 BICONIC

** RN = 0.0015" RN 0.5 RN 5"0.5"

STA. PRES. STA. PRES.V-NO. ORIF. S, IN. S/SREF. S, IN. S/SREF. NO. ORIF. S, IN. S/SREF.
1* 2 38.791 0.963 35.453 0.959 11* 2 30.123 0.953
2 8 28.231 0.701 24.893 0.674 12 6 23.563 0.745

3 13 17.141 0.425 13.803 0.374 13 9 17.563 0.555

14 16 10.481 0.331

*ON-BOARD SURVEY LOCATION ALSO 15 18 6.481 0.205

"**PRESSURE ORIFICES ARE AT AXIAL LOCATION OF SURVEY
STATION BUT ROLLED 180 DEGREES FROM PROBE DURING
SURVEYS

FIGURE 18. OVERHEAD PROBE SURVEY LOCATIONS

82.
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TA3LE 8. TEST DATA SUMMARY - AXISYMMETRIC MODELS @ MACH 8
a. Gardon Gaqe Heat Transfer Data

MODEL CONFIGURATION MODEL ROLL ANGLE (.), DEG.
RN TMIP Re-x 10', a WIND LEE

CONE ANGLE IN. HT.,IN. FT-' DEG. 0 45 90 135 180
RUN

70 0.0 NONE 0.6 0 - - - - I

10 - -3

1.0 0 - -4

2.5 0 - 12,20

2 16 17 18 19 26

4 (0 - 180 ROLL SWEEP) 15
SIi 7 14 ,21 22 23 24 13.25

10 27 28 29 30 31
i3.7 0 32 - -

3.7 4 33 34 35 36 37

7 38 39 40 41 42

0.5 NONE 1.0 a - - - - 5
.033 o - - - 6

S1.5 0 - - 7

1 7 . . . B

2.5 0 9

1 7 11 - - - 10
3.7 0 43 - . . -

SJI 4 44 4S - 46

7 47 48 49 50 51

10 52 53 54 55 56

S10.50/ 7 0  .015 0 t 57 . . . .
4 58 59 - - -

.033 0 60 . . . .-

4 61 62 63 64 65,76"

I 7 66 67 68 69 70,77*
1 , I 71 72 73 74 75,78•"

7 0 7985 -
7 8o 81 82 83 PA

140/70 .021 0 86 - - - -

4 87 88 89 90 91

7 92 93 94 9- 6I I icO~ ~vv u •,

pj = ( f~0 102,108 - -

_1 7 103 104 105 106 107
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TABLE 8. TEST DATA SUMMARY - AXISYMMETRIC MODELS @ MACH 8 (CONT'D)

b. Coax Gage Heat Transfer Data

Re.= 3.7 x 106 FT-1

B. L. TRIP = .06 IN.

MODEL.CONFIGURATION MODEL ROLL ANGLE (w), DEG.
RN C WIND LEE

CONE ANGLE IN. DEG. 0 -50 -75 -100 -120 -140 -160 -180

70 0.0015 0 8 . . . . . . .

4. ~4 204 205 - 206 - 207 - 208

70 .50 0 318,5 - - -

Li 4 39,6 36 319 35 320 34 321 33,7

4' 10 63 62 209,212 61 210 60 211 59

10.50/70 .50 0 253 . . . .. .1 j 4 254 255 - 256- 257 - 258

10 261 262 266 263 267 264 268 265
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TABLE 8, TEST DATA SUMMARY - AXISYMMETRIC MODELS @ MACH 8 (CONT'D)

c. Model Surface Pressure Data
i ~M =

Re. =3.7 x 10' FT-'

B. L. TRIP = .06 IN.

MODEL CONFIGURATION MODEL ROLL ANGLE (w), DEG.
RN WIND LEE

CONE ANGLE IN. DEG. -180 -130 -105 -80 -60 -40 -20 0

70 0.0015 0 - - - - - - - 17

4 79 78 - 77 - 76 - 75

70 0.5 0 - - - - - - 18

4 44 43 - 42 - 41 - 40

10 68 67 107 66 108 65 109 64

10.5/70 0.5 0 . . . . . . . go
4 95 94 - 93 - 92 - 91

10 q6 97 98 - 99 - 100
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TABLE 8. TEST DATA SUMMARY - AXISYMMETRIC MODELS @ MACH 8 (CONT'D)

d. Flow Angle Sensitive Preston Tube Data

M = 8
Re. - 3.7 x 106 FT.-

B. L. TRIP- .06 IN.

_ MODEL CONFIGURATION]_ MODEL ROLL. DEG.
RN WIND

CONE ANGLE IN. DEG, -80 -130 -155 0 -20 -40 -60 -80

70 .0015 0 401 - - - - - - -I 4 - -- 406 405 404 403 402
S', 397

=ll• -4 400 399 398 ...

L 70 - 232 - -'-......

4 - - - 233 234 235 236 237

-4 238 239 240 - - - - -

i - - - 241 242 243 244 245

-10 246 247 248 . . . . .

313
10.50/70 .50 + .....

308 31•9 310 311 312
4 - - 342 3L3 344 345 346

-4 314 3!5 316 341 - - - -

348 349 350

10 - - - 307 306 305 304 303

I -10 355 356 357 - - - - -
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TABLE 8. TEST DATA SUMMARY - AXISYMMETRIC MODELS 9 MACH 8 (CONT'D)

e. Overhead Probe Survey Data

PI)QEL CONFIGURATION SURVEY STATIONS (MODEL ROLL 1 ]80 DEGREES)
CONE Ru TRIP Re..zx lo-
A wLE IN. HI, (IN.) FT-' DEG. 1 2 3 - 11 12 13 14 15 REMARKS

70 .0015 .060 3.7 0 24 26 27
388' 387' 336'

(17) (17) (17)•-4 80 al 82

396' 395* 394* W' MAD
(79) (79) (79)

+4 390 392 -
389 391 393 LEEWARD

(75) (75) (75) \
70 .50 .060 3.7 0 54 51 294 226* 227' 2Z8'

(18) (18) (18)
-.4 4S 49 50

231" 230* 229' WINEIWARD
(44) (44) (44)

+4 47 46 45
225' 224* 223* LEEVARD

(40) (0) (40)S-10 71 70 69

217' 216' 215 WIIDWARO
(68) (6B) (68)

+10 72 73 222
; 218

219 220" ?21 LEEWARD4. (64) (64) (64)

.5D NONE 1 0 -q LAMINAR

1tý5
0

/7
0  

.50 -G60 3.7 3 7 3k 172+ 371lk 369 368
(90) (90) (90) (90) (90)

-4 363+ 364' 3E"S 366 367
351 352 353 354 - w IN•OAWDS(95) (95) (95) (95) (95) 4

+4 375 376 377' 378* 379w
374 - 302 301 300 LEEWARD

(91) (91) (91) (91) -9*)
-13 3583 359' 360' 3613

269 c70 281 282 362 w-' ,..A.3
(96) (96) (96) (96) (96)

_ 0 384' 3E33 382' 381* 380*1 293 295 297 298 299 LEEWAO I292 294 296 - -

(99) (99) (99) (99) (99)

OTES: R, UNI ,.BER I• PA;TEW ENMES ARE SUAFACE PRESSURE RUN NV*,tERS ASSOCIAIED WITH EACH SURVEY
IPRESTON TUBE CATA 0M4Y

* SURVEY OSTAI;ED 1.06 IN. AF'l OF SURVEY STAZ:O0
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TABLE 8. TEST DATA SUMMARY - AXISYMMETRIC MODELS @ MACH 8 (CONT'D)

f. Onboard Probe Survey Data

0M = 8

Re. = 3.7 x 10 6 ft-I

B.L. TRIP - .06 in.

MODEL CONFIGURATION M2DEL ROLL. DOG .

CONE ANGLE RN DEG. -120 -95 -70 -50 -30 -10 +JO
IN. (LEE)

70 .0015 0 331(17)

1 4 122 121 120
4334(78) 333(77) 332(76)

70 .50 110 ill 112,1135324 323(42) 322(41)

S( 214(43)
10 114 117 115 118 116 119

I 330(67) 329 328(66) 327 326(65) 325
4 (107) (108) (109)

10.50/70 .50 0 284(90)

4 101 102 103
287(94) 286(93) 285(92)

10 104 5os 106
291(97) 289(98) 288

290(99)

NOTES: RUN NOS. < 200 - PITOT & TOTAL TEMPERATURE PROBE DATA

RUN NOS. > 200 - MACH/FLOW-ANGULARITY PROBE DATA

(RUN NOS. IN PARENTHESES ARE SURFACE PRESSURE RUN
NUMBERS ASSOCIATED WITH EACH SURVEY)
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3.3 Sliced Body w/o Flap - Laminar Flow:

Mach 10, tO*O (References 2, 7)

The objective of this test series was to provide inputs to a

laminar flow data base which will be used to validate and develop analy-

tical codes for predicting the hypersonic aerodynamic characteristics

of conic and biconic bodies with single and multiple slices (flat sur-

faces). The data base consists of static force data, which are docu-

mented in Reference 2, and heat transfer, surface pressure, and flow

field survey data which are documented in Reference 7.

rhe tests were conducted in Tunnel C at a nominal Mach number

of 10 and free-stream unit Reynolds numbers of 0.55 million and 1.0

million per ft. Static-stability, axial-force, and oil flow data were
I obtained over an angle-of-attack range was -14 to +14 deg. The effects

of nose radius and single and double flat surfaces were investigated.

Oil flow visualization data were acquired on the double flat surface

configuration to determine the flow directions in the vicinity of the

double -flat surface. Static force data were obtained on both the blunted

(RN = 0.50") 70 cone and 14 bicone, and a sharp 7 cone. The bicone

data were obtained for the configuration with an axisymretric configuration,

a single windward slice cut, or a double windward slice cut.

Heat-transfer measurements were obtained over an angle-of-attack

range from 0 to 14 degrees with model roll angles varying from 0 to 180

degrees. Model surface pressure and flow-field survey data were obtained

at two angles of attack: 2 and 10 degrees. Flow-field instrumentation

was: (1) a Mach/Flow-Angularity probe, (2) a pitot probe, and (3) a shielded

total temperature probe. Surveys were taken at 17 model stations (wind and

ieeside) from the model surface to the how shock. All heat-transfer, pres-

sure and flow-field survey data were obtained on a single model configura-

tion: a 14/7 degree biconic with a 0.5 inch radius nosetip and flats

(or slices) at the model base.
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The location of the Gardon-gages, pressure orifices, and the
coaxial surface thermocouples on the 140/70 bicone are listed in Tables
9a, 9b, and 9c, respectively. Shown in Figure 19 is the location of

the stations where profiles were measured which includes a schematic

of the surface instrument locations.

A sumi•ary of the nominal test conditions is given below:

mo po(pSia) T0(R) qjpsia) p,,(psia) Re, xlOmg/ft

10.0 445 1900 0.70 0.009 0.55

10.0 666 1710 1.07 0.015 1.00

10.0 904 1900 1.27 0.018 1.00 )

Static force data were recorded in either the point-pause or sweep mode of
operation, using the Model Attitude Control System.

The point-pause data were obtained For finite values of angle of

attack and model roll angle with a delay before each data point to allow

the base pressures to stabilize. The continuous sweep data were obtained
for a fixed value of model roll angle with a sweep (a) rate of 1 deg/sec.
If applicable, the base pressures were obtained from a curve fit of data

obtained during the point-pause mode to calculate the base axial force

coefficient.

Heat-transfer distribution data were obtained with high-sensitivity

theyrimpile heat-flux gages. Data were taken over an angle-of-attack range
from 0 to 14 degrees in one degree increments and at twenty-six different
model roll angles, from 0 to 180 degrees. Prior to each run, the model

- was cooled to a nominal temperature of 530 R. The model attitude was

preset and was then injected into the tunnel flow for about five seconds
while a continuous record of gage output was recorded.
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TABLE 9. MODEL INSTRUMENTATION LOCATIONS

a. Gardon Gage Locations

GAGE XSTAG v GA1R.00I s (%APEX1.)I R(. IN. 7. IN. IN. DEG. IN.

1 2.217 0 .943 2.S67 0 13.935
2 3.430 1.246 3.417 15.148
3 4,400 1,488 4.817 18.118
4 S.370 1.729 S.917 17.0•.8
5 7.312 2.214 7.817 19.030
6 8.039 2.395 8.567 19.75?
7 8.540 - 2.4,88 9,070 20.258
8 8.914 2.533 9.445 20.632
9 9.286 2.579 9.820 21.004

10 10.357 2.711 10.899 22.075

;1 11.349 2.832 11.899 23.067
1? 12.342 2.9S4 12.899 24.060•3 13.334 3.076 13. B99 25.052
'4 14.327 3.198 14.899 26.045
is 16.312 3.442 16.899 28.030
16 20.282 3.929 20.899 32.0W
17 2:0.646 3.960 21 .464 32 •.UA

2 20.86 -0.933 3.818 21.464 120 3
19 20.69 0 -3.96.0 21.308 13 32 40820 / 1.030 -3,843 21.39 21 65
21 [ !.9D -3.446 21.309 10

22 2.814 -2.814 21.3D9 3
23 3,.44f -1. 990 21.309 10

26 -1.060 3.960 - -14.17
27 -1.496 3.831 22.410 -21.33
?a 21 .255 3.44D} 224101 -3.2

29 .1.000i -3.960 - 165.8330 -0.750 -3.960 - 169.28
31 0 -3.960 22.401 16
32 0.750 -3.960 - 169.28
33 1 1.237 -3.923 22.410 162.
34 21.783 1.000 3.960 - 14.17 33.50 ,
35 23.533 0 3.960 24.151 0 35.250
36 23.533 -2.131 3.767 24.174 -29.5 35.250
37 2S-283 0 3.960 25.901 0 37.000
38 1.000 3,960 - -14.17
39 -2.000 3.960 - -26.80
40 -2.606 3.721 25.937 -35
41 . -3-084 3.336 5.937 -42.75
42 25.283 -3,934 2.272 25.937 -60 37.000
43 25.658 -0.250 3.945 - -3.63 37.376
44 25.783 0 3.929 26.401 0 37.500

-2 .000 3.9Ž9 - -?6.98
-2.525 3.9SI 26.440 -33.25

48 -3.126 3.382 26.440 -42.75
49 -3.988 2.303 76.440 -60
50 250 -3.960 - -150.40
s -1.750 -3.960 - -156.16

53 00 -3.960 - 165.83
4 -. 750 -3.960 - 156.16

0•-.2 -3.960 2 6 --401 .75

55 2.474 -3.884 26.440 147.50
56 2.250 3.960 -29.60
57 f25.783 2.000 3.960 - 26.80 37.500
58 26.283 0 -3.960 26.901 0 38.000
59 27783 1.0 3.960 28.401 0 39.,00
60 -1.00 3.960 - -14.17
61 -2.000 3.960 -76.80
62 -3.M92 3.561 28. -42.75
6 -63?O2 2.425 28.455 -0
6" -2.625 -3.960 - -146.46

665 -. 750 -3.960 - -156.16

L3--.Q6D 28.401 180
67 -.0 3-1960 - 165.83

68175 3-6 156.16
69 2.919 -4.113 28.455 14370 3.429 -3.429 28.455 135

71 4.200 -2.425 28.455 120
.2485 0 28.455 90

73 3,C30 3.960 - 37.15
74 27.783 2.000 3.960 - 26. 80 39.500
75 21.158 0 -3,960 21.776 1 180 32.876

U I91



TABLE 9. MODEL INSTRUMENTATION LOCATIONS (CONT'D)

b. Pressure Orifice Locations

ORIFICE XSTAG Y 1 S (XAPEX) 1 O
NO. IN. IN. IN. IN. DEG. IN.

101 2.021 0 -0.894 2.355 180 17.73B
102 2.506 -1.015 2.855 14.223
103 2.991 -1.136 3.355 14.708
104 -1.136 0 270
105 0 1.136 0
106 1.136 0 90
107 3.476 0 -1.257 3.855 180 15.193
108 4.446 -1.499 4.855 16.163
109 5.417 -1.741 5.855 17.134
110 7.357 -2.225 7.855 19.074
Ill 8.085 -2.406 8.605 19.802
112 8.540 -2.488 9.070 20.257
113 8.914 -2.533 9.445 20.631
114 9.286 -2.579 9.820 21.003
115 10.357 -2.711 10.899 22.075
116 12.342 -2.954 12.899 24.059 )
117 14.327 -3.198 14.899 26.044
118 16.312 -3.442 16.899 28.029
119 18.297 -3.685 18.899 30.014
120 -3.685 0 270
"121 0 3.685 0
122 3.685 0 90
123 20.282 0 -3.929 20.899 180 31.999
124 28.283 0 1.62 - 0 40.000
"125 0 -1.62 - 180

c. Coaxial Surface Thermocouple Locations

THERMOCOUPLE XSTAG Y Z S (XAPEXV•o SURVEY
NO. IN. IN. IN. IN. DEG. IN. I STATIONS

1 6.583 0 -2.032 7.057 180 18.300 1,13
2 11.283 0 -2.824 11.832 180 23.000 2,14
3 19.533 0 -3.837 20.144 180 31.250 -
4 22.408 0 -3.960 23.026 180 34.125 3,15,16
5 26.783 0 -3.960 27.401 180 38.500 17
6 24.408 0 3.960 25.026 0 36.125 -
7 27.033 0 3.761 27.663 0 38.75 6,9
8 22.658 -1.812 3.813 - -25.42 34.375 4,5,7,8,10
9 26.783 -3.039 3.621 - -40.00 38.500 11,12
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Rodel surface-pressure data and flow-field survey data were

obtained following the heat-transfer test. Both windward and leeward
surveys were made at two angles of attack. 2 and 10 degrees at 17

model locations as defined in Figures 19a and 19b. A complemientary
set of surface-pres3ure data were obtained at the same model attitudes.
For these data (pressure and survey) the model was at a near equilibrium

temperature condition; model wall temperatures were typically from 1000

to 1400 R.

Flow-field surveys were taken from the model surface to just
beyond the bow shock. A survey typically consisted of 30 to 60 data

points obtained at different heights above the model surface. The three

instrumentation probes used for this test were mounted in a probe holder
as shown in Figure 20. Contrary to the Mach 6 tests defined in Section

3.1, and the Mach 8 tests defined in Sections 3.2 and 3.4 the MachlFlow- I
Angularity probe was co-located with the Pitot and total temperature probe
in this test series. The probe direction of travel was along a "surface

normal" for the majority of the surveys. If it was not possible to obtain
surface normal" surveys then the surveys were made as close to the "surface

normal" direction as pnssible and these data groups are so noted. The time
required for taking the survey data was significantly reduced during this

test by not waiting for the probe pressures to always reach an equilibrium

condition. Rather, tinewise data were recorded to provide a pressure-time
history whereby the equilibrium pressure was predicted. The sequence of

probe data acquisitio, was: (1) controller moved probe to programuted
height and initiated take data, (2) data acquisition system waited a pre-

scribed delay time (usually 3 seconds) and then recorded a specified number

of data loops (15 to 30) at constant time intervals (typically 0.6 seconds)
which provided time histories for each of the three transducers being scanned,

(3) a valve position was changed and the sequence of "step 2) was repeated,

which provided the other three pressure-time histories, (4) steps 1 through

3 repeated until all probes and passed the model bow shock.
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Probe positioning on the model surface was monitored optically.

Survey axial locations (X) were verified by using a scale outline of the

model overlayed on the shadowgraph system display. Survey stations (ori-

fice locations) were marked on the outline, making it possible to posi-

tion the Pitot probe over the desired pressure orifice with an estimated

uncertainty of +0.05 in. Accurate probe positioning on the model surface

was monitored optically with a back lighted high resolution (525 lines/

frame) closed-circuit television (CCTV) system. The CCTV camera was

fitted with a telscopic lens which gave a total magnification factor of

17. The television image was used to verify contact between the pitot

probe and the model surface before obtaining the first data point in a

survey. The probe spacirg was measured from the photographs and in-
cluded in the data reduction. Probe positioning for off-centerline )
stations on the 7-degree cone (SURVEY STATIONS 7, 10, 11, 12) was ac-

complished using a front-lighted high magnification video system.

Mach/Flow-Angularity probe calibration data were taken in the

freestream at the beginning of each test shift and at the conclusion of

the last test shift. Calibration data were obtained at different probe

pitch attitudes, from 0 to 25 degrees.

Shielded thermocouple calibration data were obtained at the

4 conclusion of this test series. For these data the tunnel stilling

chamber pressure (Q) was decreased in 100 psi increments from 800 to

300 psia while the total temperature was simply maintained abcve the

air liquefaction temperature. Thermocouple probe data were recorded

at each pressure level and were used to determine Reynolds number ef-

fects on the shielded thermocouple probe.

W

Tables 10a through 10d present the AEDC data group numbers

from References 2 and 7 (and the complementary data tabulations) for

each configuration tested and data type.
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TABLE 10, TEST DATA SUMMARY - MACH 10 (CONT'D)

c. Model Pressure Data
Re. = I x 106/FT

Sliced 140/70 Bicone, RN = 0.5"

ROLL-MODEL ANGLE OF ATTACK, DEGREES
DEG. -10 -2 10

L 0 81 80 1609

{ 190 - 100 -

d. Fl ow Field Survey Data

Re,,. 1.0 x 106/FT

Sliced 140/70 Bicone, RN = 0.5"

WINDWARD SURVEYS LEEWARD SURVEYS

SURVEY ANGLE OF ATTACK,DEG. SURVEY ANGLE OF ATTACK,DEG.
STATION -2 -10 STATION 2 10

1 13 - 13 14 26

2 12 23 14 15 24

3 11 22 15 16 37

4 19 28 16 17 40*

5 20 31 17 18 39*

6 21 32

7 6 2J2•7 44* 45*

835 34
9 36 33
10 47 46*

11 48* 49*

12 51* 50*

Notes: e Flow-Angularity/Mach Probe calibrations:
SURVEY: 7, 10, 25, 42, 52 , 53i *Probe travel was not "surface normal" for these SURVEYS.
Shielded thermocouple probe measurements were all outside the
model boundary layer for the following SURVEYS: 11-13, 19,
22, 23, 28, 31, 33, 44-50

•I 100 .



"3.4 Sliced Body w/Flap - Turbulent Flow:

Moo 8, o, 0 (References 3 and 8)

The objective of this series of tests, conducted under the MAT

auspices, was to provide additional data to verify and develop computer

codes to predict aerodynamic and aerothermal characteristics of maneuverinq

vehicles. This specific series concentrated on obtaining data on the

sliced configuration with and without flaps for turbulent boundary layer

conditions over an angle of attack range from 0 to 200. The tests were

conducted in Tunnel B at a nominal Mach number of 8 and a freestream unit

Reynolds number of 3.7 x 10/FT-'.

During this series, tests were conducted in three entries:

(1) heat transfer and oil flow visualization, (2) shock layer profiles

and model surface pressure, -nd (3) static force and moment measurements.

There w-re two major differences between this test series and those con-

ducted prior to this; specifically (1) the inclusion of the flaps and

L I(2) the acquisition of data at .i r 200. Windward and leeward surveys

were obtained At several model stations. from the model surface to the

bow shock, using a probing vechanism located on top of the tunnel. Flow

field probes on the survey mechanism included Pitot probes, an unshielded

thermocouple probe, a Preston tube and a Mach/Flow Angularity probe.

Surface pressures were measured to provide pressure data for

iooondary layer calculations, and heat transfer distributions were obteired

to determine the boundary layer state. To provide the desired fully-

developed turbulent boundary layer, a machined boundary layer trip was

used for the majority of the tests. Surface shear stress data were

obtained using a Preston tube attached to the probe mechanism. Model

angles of attack were varied from 0 to 20 degrees and model roll angles

were varied from 0 to 180 degrees. Static stability and axial force data

were obtained over an angle of attack range of - 4 to 20 degrees and a

sideslip angle range of -2 to 2 deqrees. The effects of model nose blunt-

ness (sharp or spherical), body geometry (-liced or unsliced), and booy

flap angle (0, 10, 20, or- split 20/10 degrees) were investigated.

SI~01.



A summary of the nominal test condition for these tests is given

below:

t4M po(psia) To(OR) q,(psia) p.(psia) Re,, x 10- 6 /FT

8.0 850 i350 3.900 0.087 3.7

For the heat transfer test entry, the model was instrumented with

82 (Gardon-type) heat flux gages and for the flow field study, the model
S 1 was instrumented with 88 pressure orifices and 20 coaxial surface thermo-

couples as shown in Figures 21 and 22. The location of the surface

instrumentation is given in Table 11. After the heat transfer test entry
and prior to the survey tests the Gardon gages were removed, the holes were
plugged or replaced with coaxial gages and the afterbody was replaced with a

pressure instrumented afterbody. The pressure orifices in the afterbody

were located at the same locations as the Gardon gages, except as noted

in Figure 22. The coaxial gages (surface thermocouples) were added for

iIJthe survey tests to provide model surface temperature.

Three flap assemblies were used: heat transfer, full span pres-hi sure, and split pressure as depicted in Figure 23. The heat transfer
flap was a full span adjustable deflection flap -instrumented with nine

Gardon gages. The full span pressure fiap was essentially the same as
the heat transfer flap except for instrumentation. The split pressure

flap had fixed deflection angles of 10 and 20 degrees for its two sides
and was instrumented with seven orifices and two coaxial surface thermo-Ii couples. Specific gage and orifice locations are presented in Table 12.

The nosetips used in this investigation consisted of a sharp
conical nose with a radius of 0.005 inches and spherically blunted noses

¶ with radii of 0.500 inches and machined trip heights of 0.013, 0.033,

and 0.060 inches (Figure 6).
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28 27 /6 25 \34

+ + io COAX GAGE

t PRESSURE ORIFICE
0 SURVEY LOCATION
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36Z 33

I -t

42 1 0 9?,3 13

FIGURE 22. MODEL SURFACE INSTRUMENTATION, SLICED REGION DETAIL
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TABLE 11. MODEL INSTRUMENTATION LOCATIONS

a. Gardon and Coax Gage Locations

GARDON
GAGE N4O. X, in Y n. ZLi. § n. ONEGA dv

101 2.658 0 .908 2.981 0
102 3.887 1.136 4.231
103 5.116 1.364 5.481
104 6.097 1.546 6.479
105 7.080 1.728 7.479
106 8.066 1.911 8.481

107 8.924 2.070 9.354
108 9.786 2.230 10.231
109 10.770 2.412 11.231
110 11.267 2.488 11.734
111 11.639 2.533 12.109
112 12.011 2.579 12.484
113 13.082 2.711 13.563
114 14.075 2.833 14.563
115 15.067 2.955 15.563
116 16.060 3.077 16.563
117 17.052 3.198 17.563
118 18.045 3.320 18-563
119 19-037 3.442 19.563
120 20.030 3.564 20.563
121 20.725 3.649 21-263
122 22.015 3.808 22.561
123 23,007 3.930 23.563

COAX

GAGE NO. _X in. Y ._ n. ,ir t n. 9Mj_!•

1 25.381 0 3.960 0
2 25.381 -1.812 3.813 -25,/42
3 27.131 0 3..960 0
4 28.006 -1.500 3.960 -. l,15
5 29.756 0 3.620
6 29.506 -2.000 3.807 -28.12

7 29.506 -3.039 3.621 -40.00
9 25.006 -. 000 -3.960 -1683

10 25.131 0 -3.960 180,00
11 29.006 -2.250 -3,960 -150.40
12 29.506 0 -3.460 160,00
13 22.256 0 -3.838 180.00
14 14.006 0 -2;824 180. 00
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TABLE 11. MODEL INSTRUMENTATION LOCATIONS (CONT'D)

b. Pressure Orifice Locations

SPRESSURE

a URLXL. ___,- n Y, ilt. Z, in. S, in. OMEGA deg

101 2.658 - .908 2.981 180
102 3.149 - .999 3.481 180
103 3.149 - .999 0 3.481 270

104 3.149 a .999 3.481 0
105 3.149 .999 0 3.481 90
106 4.133 0 -1.182 4.481 180
107 5.116 -1.364 5.481
108 6.099 -1.546 6.481
1,09 8.066 -1.911 8.481
110 10.032 -2.275 10.481
3il 10.770 -2.412 11.231
112 11.267 -2.488 11.734
3.13 11.639 -2.533 12.109
114 12.011 -2.579 12.484
L15 13.082 -2.711 13.563
116 15.067 -2.955 15.563
il 17,052 -3.198 17.563
1X8 19.037 -3.442 19.563
119 21.022 -3.686 21.563
120 21A022 -3.686 0 21,563 270
121 21,027 0 3.686 21.563 0
122 21,02;' 3.686 0 21.563 90
123 23.00; 0 -3.930 23.563 180

9103 5.1113 1,364 5.481 0
9109 10.770 2.412 11.231
9113 13.082 2.711 13.563
9115 15.067 3.077 16.563
9117 17.052 3.198 17.563
9119 19.03/ 3.442 19.563
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TABLE 11, MODEL INSTRUMENTATION LOCATIONS (CONT'D)

c. Orifice and Gardon Gage Locations

Orifice orGage Number . Y, in. .Z, in. S. in. oF

17 23.569 0 3.960 24.124 0
18 23.569 -0.933 3.888 24.124 -13.50
19 23.413 0 -3.960 23-968 180.00
20 1 1.030 -3.843 23.969 165.00
21 1.990 -3.446 150.00
22 2.814 -2.814 135.00
23 3.446 -1.990 120.00

24 23.413 3.979 0 V 90.00
25 24.5-06 0 3.960 25.061 0
26 1 -1.000 3.960 - -14.17
27 -1.496 3.831 25.070 -21.33
28 -2.255 3.440 25.070 -33.25
29 -1.000 -3.960 -- -165.83
30 -0.750 -3.960 ....- 169.28
31 0 -3.960 25.061 180.00
32 0.750 -3.960 - 169.28
33 1.237 -3.923 25.070 162.50
34 24.506 1.000 3.960 - 14.17
35 26.256 0 3.960 26.811 0
36 26.256 -2.131 3.767 26.834 -29.50
37 28.006 0 3.960 28.561 0
38 -1.000 3.960 - -14.17
39 -2.000 3.960 - -26.80
40 -2.606 3.721 28.597 -35.00
41 -3-084 3.336 28.597 -42.75
42 28.006 -3.934 2.272 28.597 -60.00
43 28.381 -0.250 3.945 - -3.63
44 28.506 0 3.929 29.061 0
45 -1.000 3.929 - -14.28
46 -2.000 3.929 - -26.98
47 -2.525 3.851 29.100 -33.25
48 -3.126 3.382 29.100 -42.75
49 -3.988 2.303 29.100 -60.00
50 -2.250 -3.960 - -150.40

I1
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TABLE 11. MODEL INSTRUMENTATION LOCATIONS (CONT'D)

c. Orifice and Gardon Gage Locations (Cont'd)

Orifice or

Gage N~umber X, in. y, -in. Z, in. S, in. OXEGA~deg

51 28.506 -1.750 -3.960 - -156.16
52 0 -3.960 29.061 180.00
53 1.000 -3-960 - 165.83
54 1.750 -3.960 - 156.16
55 2.474 -3.884 29.100 147.50
56 2.250 3.929 - 29.60

*57 28.506 2.000 3.929 -26.80

58 29.006 0 3.568 29.561 0
59 30.506 0 3.684 31.061 0
60 -1.000 3.684 - -14.17
61 -2.000 3.684 - -26.80
62 -3.292 3.561 31-115 -42.75

65 -1.750 -3.960 - -156.16
66 0 -3.960 31.061 180.00

68 1.750 -3.960 156.16

724.510 3-15900

73 3.000 3.684 - 37.15
74 3056 2.000 3.684 -26.80

*75 23810 -3.960 24.436 180.00

*All others at same dimensional locations.
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TABLE 12, FLAP INSrRUMENTATION Lo -INS

Pressure Flap

Orifice or

*I I

Thermocouple(TQ) No. S , in. SF Y;YY,in. 6 ,deg
76 28.995 2.50 0 10

7729.979 1.50 1.500
78 29 .979 1.50 0

7929.979 1.50 .-1.000
80 30.964 0.50 2.000
81. 30.964 0.50 0A
82 30 .964 0.50 -1.000
7015 29.487 2.00 0
7016 30.472 1.00 -1.000

Heat Flap (Gardon Gage)

76 29.487 2.00 1.000 1.0
77 29.487 2.00 0
78 29.487 2.00 -1.2500
79 -30.226 1.25 1.000
80 30.226 1.25 0
81. 30.226 1.25 -1.250
82 30.71.8 0.75 1.000
83 30.718 0.75 0
84 30.718 0.75 -1,250

Split Flap (Pressure or TO)

83 29.995 2.50 -0.250 10
84 29.900 1.50 1.000 20
85 29.979 1.50 -0.250 10
86 29.979 1.50 -1.500 10
87 30.840 0.50 1.000 20.
88 30.964 0.50 -0.250 10
89 30.964 0.50 -2.000 10
TG15 30.472 1.00 1.000 10
TG716 30.472 1.00 -1.000 20

X Slocations for Heat and Pressure Flap quoted for a
nominal 6F 10t0.
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The X-Y-Z overhead probe drive referred to earlier in this report

was used to survey the flow field. The probe holder assemblies attached

to this probe drive are illustrated in Figures 24 and 25. The flattened

Pitot, upper Mtot, total temperature and Preston tube probes were mounted

in one probe holder, while the Mach/Flow-Angularity probe was mounted

separately. The upper Pitot was moved from 2 inches to 3 inches above the

pitot, Preston, and total temperature probes, when leeward surveys were

performed. It should be pointed out that in this series of tests, the Mach/

Flow-Angularity measurements were made using a separate probe for a more

efficient use of the tunnel since considerable delay times are required

for pressure stabilization relative to the pitot pressures. For this

reason, only limited Mach/Flow-Angularity data were obtained.

Probe sizes and geometries similar to those shown earlier were

used in this series. The small flattened pitot and unshielded total

temperature probes were used to obtain measurements close to the surface

within the boundary layers and yet remain parallel to the model surface.

Pitot pressure measurements were made using transducers referenced to

near vacuum. The unshielded thermocouple probe had a wire junction diameter

"of approximately 0.007 inches. A reference dimension of 0.005 inches was

used for data reduction purposes. The time response anu the resolution of

the probe location are improved by using such small probes. Total tempera-

ture probe uncertainties associated with the heat transfer-between the

probe and environment were accounted for in the freestream probe calibration

(convection and conduction effects). Probe positioning in the vicinity of

the model surface, probe deflections and probe spacing were measured and
monitored optically with the VKF closed circuit television (CCTV) system
described in Section 3.3.

t IStatic force data were recorded in either the point-pause or

'• sweep mode of operation using the MACS. Point-pause data were obtained for

finite values of a and 6 with a delay before each data point to allow the

tase pressures to stabilize. These data were used to define the base

axial force coefficient variation with angle of attack and sideslip angle.
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These data were obtained over the model attitude range for each primary

configuration and were used to provide the base axial force corrections for

subsequent variations in flap deflection or for a similar configuration.

The base pressure runs are identified in the test summary. The continuous

sweep data were obtained for a fixed value of ý with a sweep rate of 1.0

deg/sec.

Data acquired during this test series consisted of (a) surface

(cold wall) heat transfer, (b) oil flow and heat sensitive paint visuali-

zation, (c) surface pressure, (d) overhead probe surveys (i.e., Pitot

pressure, total temperature, and Preston tube). (3) Mach/Flow Angularity

calibrations, (f) total temperature probe calibrations, and (g) static

force data. The procedure utilized to acquire these data were similar to

those described in Sections 3.1 to 3.3 with the following two exceptions.

(1) Oil flow runs were made at the end of the heat transfer shift

to visualize the flow angularity over the aft section of the model. Oil

was applied and the model injected into the flow for approximately 15

seconds. Photographs of the upper and lower cut/slice regions of the

model were taken at I frame per second.

(2) A small amount (2 RUNS) of qualitative heating data were obtained

on the 10 degree flap with the phase-change paint thermal mapping technique

(Reference 9). A thin sheet (0.032 inches thick) of synthetic rubber was

bonded to the flap to provide an insulated surface. High heating regions

were noted by observing the progression of melt (phase change) with time.

The results were recorded photographically in the same manner as for oil

flow.

Total temperature probe calibrations were conducted in the free-

stream for each probe used. For these calibration runs, the total pressure

(PT) was changed in nominal 50 psi increments from 190 to 850 psia. Total

temperature probe data and tunnel conditions were recorded at each pressure

level and used to determine Reynolds number effects on the unshi,,,ed total

temperature probes. In addition to this Reynolds number calibration which

114.
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is built into the final data presefnted for the To probe, the sensitivity

of pitot probe and total temperature readings to flow misalignment were

also obtained in the Mach 8 freestream. Data were recorded at discrete

probe pitch attitudes from -220 to +100. Contrary to the Reynolds number

calibration corrections which are built into the final data To tabulations,

the ot sensitivity data were not built into the final data since the probe

misalignment at each spacial setting is not, in general, known. This
will be discussed further in Section 4.

Tables 13a through 13d present the AEDC data group numbers from

References 3 and 8 (along with the complementary data tabulations) for each

configuration and data type.
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TABLE 13. TEST DATA SUMMARY

10,50/70 SLICED BICONE WITH FLAP

M. =8 Re. = 3.7 x10 6/ft

a. Force and Moment Data

RN" TRIP HT." SLICES so 1 RUN NO.

SHARP NONE 0o0-7o NONE -4 to 20 0 10

10 -4 to 20 0 16

- __.....20 -4 to 20 0 14,15

0.5 .060 NONE NONE -4 to 20 0 2,4I NONE NONE 0 -4 to 20 3

0.5 .060 00/-7o NONE -4 to 20 0 5.6
0 -2to 2 7!i!10 -2 to 2 8

Sr20 -2 to 2 9
20 -4 to 20 0 511,12

( 20 0 -2 to 2 13

20/10 -4 to 20 0 18

b. Surface Pressure Data

CONFIGURATION ..... o__

* RN" TRIPHT." ac RUN NO.

SHARP NONE NONE 0 79t NONE NONE 20 78 :•
NONE 20 0 22

0.5 .033 NONE 20 63
""060 0 30

-- 10 31m;"20 32

O.5 .033 10 0 1

[mi 5o 11 4 2.•i -|10 10 4

060 20 0 23
-060 20110 0 41
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TABLE 13. TEST DATA SUMMARY - (CONT'D)

10.50/7.00 SLICED BICONE WITH FLAP

MCC ~8 Re. , 3. 7 x106/FT

c. Heat Transfer and Oil Flow Data

FOREBOOY GAGE RAY AJNGLE FROM WINWIDAR. EREE

a 4'5 90 135 180ý

MODEL ROLL. DtEGEES
R N' TRIP H rd 0 45 90 135 IK
SHARP NOlOE 1O3E 0 69 -*

i 1, 70 - - - -

10 a 36 37 38 39 40

20 45 44 43 42 41

______ i. SWEEP 47 - - - 46

0.5 0.033 NONE 0 57,62 -

; ~ ~ ~~4 .''''''''58.63'
10 59.64

* ~ ~ 20 60,65 - --

0.5 0.013 10 0 -d- 10 26 27 28 29 30

20 35 34 33 32 31
, SWEEP -- 25

0.5 0.033 10 O 2,9 1,84•I 7 6 5 4 3

Sii 10 14 is 16 17 18I 20 23 22 21 20 19
5W$WEP - - -24

0.5 0.06, 10 0 - - 10

120 12 -11,13

0.5 0.013 20 0 56 -

4 55 .

1 110 54

0.5 0.033 20 0 7b.16*

0 51.52.66* -

4 50.67: - -
• I 10 49,68'

S48 -

0.5 0.033 10/20 0 71'
II t , > 4 72,*73" - -

l ,I * 4, 4 10 74' -- -

lndiCate±S Oil Flo,, Cdt Ru

Indicates Paint Data Run

S.AEP -10.50 00 117.
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4.0 SHOCK LAYER SURVEY DATA REDUCTION

AND PROBE CALIBRATION ISSUES

Pitot pressure and total temperature probes are sersitive to flow

alignment, and consequently were calibrated for this effect during the

course of this investigation. In addition, the unshielded total temperature

probes are also Reynolds number dependent and therefore, as mentioned in

Section 3, were also calibrated for this effect. In this section, the

probe calibrations will be discussed and summary highlights of these re-

sults will be presented.

pgrm During the course of those experiements which predated the MAT

program, data reduction procedures were established to not only provide

probe corrections to the data but also to define local state variables in

the boundary layer and the entire shock layer. To perform this boundary
layer type analysis the assumption was made that the static pressure along

a line normal to the wall is constant throughout the shock layer. This

assumption is not correct outside the boundary layer and leads to incorrect

properties in the shock outside the boundary layer. This will also be

discussed in this section.

4.1 Unshielded Total Temperature Probe

Reynolds Number Correction

The total temperature measurements in the shock layer were generally

made with an unshielded total temperature probe. The probe was constructed

from 0.010 inch O.D. sheathed thermocouple housing with 0.0015 inch diameter

wires. The junction formed by joining the two wires together was nominally

0.005 inches in diameter. The unshielded total temperature probe was cali-

brated in the freestream to provide a recovery factor, n, as a function of

Reynolds number, as defined by

) 0Tom 1 1 + j M2
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where n a0 + a, Reol/ Here, M is the local Mach number, y is the apacific

heat ratio, a0 and a, are calibration constants, Reo is the local Roynoil)ldn

number with viscosity based on the total teinperature,T , and Toc/Ti`ti is, the

ratio of the corrected to measured total temperature, The calihration given

in the equation above is discussed by Varner (Reference 17) andt is compatiblo

with the correlation for cylinders in incompressible flow a4 dWfined in

Reference 18.

It should be noted that the calibration n vs., 11o001 In prob•e

! specific and consequently was performed in each tWt series and wAs fro-

quently repeated with a given probe, for verification. Shown in Figuro 2o
is a representative total temperature probe calibration which was obtainbd

with the probe in the freestream and which was used to define the vonstatith
a0 and a8. Although this calibration was obtained at one value of Mach

number, earlier results were obtained at several M,.'s from 1. to 6, and

the results could be expressed adequately by a simpli To variation, aq

shown. This correction is built into the final data package and tpvrfdt5, the
iterative correction of (TTLU) to (TTL), i.e., the uncorrected to eoted

total temperature. Throughout each test series one will find data uroop,
defining where these calibrations wore performed fnd the iroupa which were
affected by each calibration. A representative listing fromi th, MAT pmogrml

test series is shown in Table 14.

4.2 Angle-of-Attack Probe Calibrations

"It is well known that flow field survey mvauromonU arn otsitivo
to each probe's alignment with the flow, Consequently the prabes uLjed In
the current test series were periodically cal-ibrated in the fr.eetroam as

a function of ALPT or angle of attack. Shown in Figure 27 is n typicial
calibration of the Pitot and total temperature probe% taken over a 2611 ranuU
in ALPT. Results from these tests indicate that those (i calihrntio$1% sre
peculiar to each probe. Hence a colibrations were pariodically parformed,

especially when the probe tip was changed, for whotever reaion. 'lor 'e ýaitre
ments taken in the shock layer, where the probe tip was nominally a4l i.pd

parallel to the local nmdel surface, the probe hocomet. misal ignud with
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TABLE 14.; TOTAL TEMPERATURE PROBE CALIBRATION DATA FROM THE
MAT PROGRAM TEST PHASE

RUN PT,_psia REMARKS

5 500+-850 ALPT=0

USED IN OBTAINING CURVE FIT FOR RUNS 5 -~ 39

14 350 '850 ALPT= 0
USED IN OBTAINING CURVE FIT FOR RUNS 5 -~ 39

15 550+-850 ALPT= 0
USED IN OBTAINING CURVE FIT FOR RUNS 5 -1- 39

39 187-.853 ALP=0
USED IN OBTAINING CURVE FIT FOR RUNS 5 + 39

40 550-850 ALPT=0
USED IN OBTAINING CURVE FIT FOR RUNS 40 - 44

61i 2 00 ÷850 ALPT = 0DE

USED IN OBTAINING CURVE FIT FOR RUNS 45 - 61

62 570 850 ALPT = 0DEG
USED IN OBTAINING CURVE FIT FOR RUNS 62 87

73 850 10 ALPT > -2DEG
USED TO NOTE EFFECT OF ANGLE OF ATTACK ON PROBE OUTPUT

87 200 - 850 ALPT = 4.4 DEG
USED IN OBTAINING CURVE FIT FOR RUNS 62 + 87

88 553 - 850 ALPT = 0DEG
SUSED IN OBTAINING CURVE FIT FOR RUNS 88 4 108

1081 300 8504 ALPT = 0 DEG

USED IN OBTAINING CURVE FIT FOR RUNS 88 108

12-3.
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the local flow as it is incremented away from the model surface. When the

probe penetrates the bow shock the misalignment is greatest.".I
Since the flow direction in the shock layer is, in general,

unknown one cannot readily apply this probe a correction to the data. Con-

sequently the published data from the entire bicone test series does not

contain this correction. Scanning the results of the several probe cali-
brations indicates that the ratio (PP/PT) varies by 3-5% for a = 0 - 200
and that the ratio (TTLU/TT) varies by 1-6% in this same a range. These
errors can affect the deduced Mach number by ~ ± 0.2 at M > 7 and less than

0±.1 at M < 4.

As stated above, since the flow direction at an arbitrary point

in the shock layer is unknown, a priori, the following recommendation forf
the use of this a calibration is suggested. Since one of the primary ob-
jectives of acquiring these data is to validate detailed computer codes
(i.e., PNS or Inviscid), and since the orientation of the probe is known,

a correction can be made on a point by point basis by defining the probe
misalignment using the theory to define the "true" flow direction (clearly
an assumption). Using this value of &i, a correction can be made. The

validity of this assumption can be ascertained by utilizing the limited
quantity of Mach/Flow-Angularity data. One notes that this correction is

not significant, consequently this procedure should be more than adequate.

4.3 Boundary Layer Type-Data Reduction

in general, the preponderance of shock layer profile data consisted
of measuring the local Pitot pressure and total temperature at various points
from the model surface to the bow shock, and slightly beyond. The authors

strongly recommend that comparisons of theory and data be maae by directly

comparing the experimentally measured Pitot pressure (normalized by PT.)
and Reynolds number corrected total temperature (also normalized, here with
To.) with values deduced numerically. That is, in the numerical simulations,

all of the local state variables are known, consequently one can readily

define (PP/PT) and (TTL/TT). No assumptirns are required. The inverse is
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not true however; that is, if one wishes to define the local state variables

from the experimental data one must invoke critical assumptions since the

local static pressure in the shock layer is unknown, only the wall value

is known. Shown in Figure 28 are the static pressure profiles computed
for a blunted 70 cone with the parabolized Navier-Stokes (PNS) solution

of Reference 19. This figure presents the normalized static pressure profile

versus a normalized shock layer thickness. One will note that the classical

assumption that ap/By in the boundary layer is zero is quite valid here.

However gradients exist outside of the boundary layer and consequently the

constant Pw assumption in the shocklayer is poor. To further illustrate

that large static pressure gradients exist in the shock layer, PNS calcula-

tions were also made in the flap region for the 10.50/70 bicone, for

M = 8, 0 = 0o, and 6 = 100 (Figure 29). Rather dramatic departures from

the wall static pressure are seen through the shock layer.

Nevertheless the final data reduction performed at AEDC used the

local values of PP and TTL in concert with the local wall static pressure

(assumed to be constant in the shock layer) to deduce the state variables.

* That is, from Pw and PP one can deduce M; than with M and TTL known one

can deduce the local T, etc. Although this analysis was performed through-

* out the shock layer, it is clearly valid only in the boundary layer, and

Sthe final results therein can be used with confidence. Shown in Figure 30

is a sample of the final reduced data made using this constant Pw assumption.

Values of ML and uL defined at ZP < 0.18" are clearly valid, however values

beyond this point are incorrect. One notes, for example, that beyond the

bow shock in the freestream ML/Me = 0.6 and UL/uE 0.83.

In this post test analysis procedure, the viscous layer thick-

nesses were also deduced from the measured data. This analysis was based

on the experimental definition of the boundary layer thickness, For

these tests it must be based on the character of the total temperature profile

rather than the velocity profile. That is, for blunted bodies, in regions

of entropy layer swallowing, velocity gradients exist at the boundary layer

edge rendering this method of defining 6 intractable. The total temperature

can be used to define the boundary layer thickness, albeit the thermal

thickness and not the classical velocity thickness as illustrated below.
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Hm = a 10.50/70 BICONE

"=a =00 6 100

2.8

* I

'~~ 2 3 1 T

* 2.4

I.: • _________9___TA_2

=-2.0

r 1.6

LuJ

t~1.2

0.8

0.4X 29. STA 2
X28.

¶ STA. 1

0.8 1.2 1.6 2.0 2.4 2.8 3.2

"STATIC PRESSURE, p/p.

FIGURE 29, PNS PREDICTED FLAP REGION STATIC PRESSURE PROFILES

THROUGH THE SHOCK LAYER
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In the data analysis at AEDC, the boundary layer thickness is defined as
that distance above the model surface where the total temperature attains a
value of either 0.9975 To. for profiles with no overshoot or 1.0025 To. for
profiles with a significant overshoot. Based on the boundary layer thick-
ness defined in this manner, the displacement, momentum, kinetic energy,
and total enthalpy thicknesses (0, e, 63, and 64, respectively) are also
presented. These thickness parameters have a well-defined physical inter-
pretation only for flows in which the velocity asymptotes tu a constant edge
value (i.e., sharp cone flow). Based on a well-defined boundary layer edge

S* condition, they are, however, mathematically unique and can provide additional
insight into interpretation of local flow field behavior especially if one is
comparing results to boundary layer formulations. The thicknesses are defined
as follows:

se"+ .-. 0U 4- )_LCOSe dy

o6 72 r.

--PU ,- o d,

r3' - 3 f P 1.

b +4 62---11+-- o
4+ 2 r -o PCU, T" r

C'
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where ec is the local cone angle and rw is the body radius measured normal

to the model centerline. Shown in the Appendix is an example of the complete

results of this boundary layer analysis. For each of the tests performed in

this test series, that is both those conducted prior to the ,MAT program and

in the MAT program tests, this post test analysis was performed and the re-

I tsults were tabulated and plotted.
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5.0 TEST DATA HIGHLIGHTS

During the course of this experimental investigation, a con-

siderable body of data were obtained on the sharp and blunt 70 cone and

two bicone configurations (i.e., 10,50/70 and 140/70). The latter test

series focused on the acquisition of data in the slice and flap regions.

Body surface and shock layer profile data were obtained for laminar and

turbulent flow conditions. To promote turbulence on the model for the

Mach 8 conditions with the RN . 0.5" nose, boundary layer trips were

used. Some highlights of the trip investigation results will be pre-

sented here. In addition, two of the primary contributions provided

in the last test series sponsored by the MAT program were the a = 200

sliced bicone data and the flap data. Consequently, highlights of these

results also will be presented here.

5.1 Boundary Layer Trip Effectiveness

SBoundary layer trips were required in order to promote a tur-

bulent boundary layer for the configuration with a nose radius of 0.50

inches. Shown in Figure 31 is the axial distribution of surface heat

transfer obtained at Mach 8 and i = 0° on the blunted 10.50/7' bicone

for three trip geometries. Also shown is a turbulent boundary layer

prediction obtained with the finite difference boundary layer code of

Reference 20. It is evident from this figure that the flow remains

laminar with the 13 mil trip, is transitional on the 10.50 forecone

for the 33 mil trip and is turbulent at the roughness site with the

60 mil trip. It should be noted that the data shown here were obtained

at a model wall temperature of 5600 R. It was found (although not shown

here) that the boundary layer profile obtained at the reference survey

i station at a = 00 and at an equilibrium wall temperature of nominally

100 0 R was laminar-transitional when the 33 mil trip was used and

turbulent for the 60 mil trip. Consequently, these data indicate

that boundary iayer trip effectiveness 4 denpendent on the wall
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temperature. Boundary layer trip effectiveness at angle of attack was

also investigated. Shown in Figure 32 is the distribution of surface

heating on the 00 and 1800 meridional ray at c = 0, 40, 100, and 200

for an axial model station 22 inches downstream of the stagnation

point (i.e., just upstream of the slice). One will note that at

this station the flow on the wind and leeward sides at C = 200 is

turbulent with the 13 mil trip, and is transitional for the smaller
values of a.

Complete axial heating distributions obtained at roll angles

from 0 to 1Ld0 at a = 100 for the 13 mil and 33 mil trip are shown in

Figures 33 and 34, respectively. The comparable set obtained at r

200 is shown in Figures 35 and 36. These data corroborate the results

shown in Figure 32; namely, that the 13 mil trip is ineffective at a

100 and is quite effective in promoting turbulent cold wall heating at

cL = 200.

jiFrom these data, and the associated shock (boundary) layer

profile data it was decided that the 33 mil trip would be used for the

heat transfer tests, the 60 mil trip for the shock layer survey tests
0 0at a < 10 and also the leeside at a = 20 , and the 33 mil trip for the

a = 200 windward side profile test, The concern at a = 200 (windward)

was that with the thinned boundary layer the larger trip would affect the

outer inviscid flow; consequently, the smallest trip required to promote

turbulence was used.

5.2 Limited Data Trends and Highlights

As i2,icate,! earlier, the most significant contribution of

the IIAT prograru sponsored tests to the earlier series conducted at

AEDC en these cones and bicones was to obtain data on the 10.50/70

bicone at c = 200 and to obtain data with the inclusion of the flap

system. In addition to the surface heating, pressure, and shear

133.
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(Preston tube) measurements, shock layer survey tests were obtained

for turbulent boundary layer flow conditions primarily in the slice/

flap region. Shown in the schematic of Figure 37 are the nominal

locations where shock layer surveys were obtained. The exact locations

may be found in the tables presented in Section 3. From this array

one can obtain a representative measure of the flow field properties
in this slice/flap region along with a reference profile, wind and

le&, on the 70 cone surface. Shown in Figure 38 is a representative

shock layer survey data setonthe cone/O slice/-7 slice that would be

available for comparison with the detailed computer codes. This par-

ticular set is for Mach 8, a = 00, A representative set of flap shock

layer profiles (at station 17, Figure 37) is shown in Figure 39, also

for a = 00 . The reader is referred to Section 3.4 for a complete sum-

mary listing of the data obtained.

The angle of attack variation of the slice centerline pressure

distribution for the blunted 10.50/70 bicone is shown in Figure 40. The

complementary flap centerline pressure distribition is shown in Figure 41.
Also shown in Figure 41 is the pressure distribution on the flap for the

sharp (RN = 0) 10.50/70 bicone. It is evident from this figure that the

flap effectiveness for the blunt configuration is reduced due to vortical

(entropy swallowing) flow effects. In addition, the pressure distribution

(near j ) for the split flap (6 = 200/100) is also shown in Figure 41 as

the filled symbols. The 200 split flap pressure is nominally the same as

for the 200 continuous flap. F vever, due to spill-over effects, the

"pressure on the adjacent 100 split flap section is higher than that for

the 100 continuous flap. Thus the rolling moment produced by the split

flap configuration would be smaller than that determined from the con-

tinuous 200 and 100 flap data. It should be noted that since the flap

is split on the model centerline the split flap pressures shown are at

the offset stations noted in Figure 41. The chord and spanwise pressure
distribution for the 100 continuous flap at a = 0, 40, and 100, for the
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blunted 10.50/70 bicone is shown in Figure 42. It is evident from this
figure that at a = 100 one observes a drop-off in pressure near the flap

edge which is not present for a < 40

In addition to the pressure distributions recorded, the slice
region centerline heating distribution for the blunted 10.5 /70 configura-
tion is shown in Figure 43, while Figure 44 depicts the slice/flap heating.
Again, also shown in Figure 44 is the heating on the flap for the sharp bi-
cone. One notes that the flap heating, like the pressure, is higher for
the sharp bicone due to the absence of vortical flow effects. The varia-
tion of the chord and spanwise heating distribution on the 10 flap with
angle of attack is shown in Figure 45. The heating is slightly higher

near the flap edges JyI/S -1 due to the boundary layer thinning.

A sample of the surface shear data, in terms of the skin fric-

tion coefficient, CF = /q, as deduced from the Preston tube measure-

ments is shown in Figure 46 for the slice region centerline (vs. a) and
for the flap centerline (vs. 6). The variation with a at the frustu
and forward slice station is shown in Figure 47. These data shc ld be

V ~useful in evaluating the 3D PNS codes ability to handle local three

dimensionality associated with the slice and flap.

The limited data presentation shown here does not do justice
to the rather extensive data base acquired; rather it serves to demon-
strate the type of data acquired. In the following section some few
"examples of computer code comparisons with select sets of these data
will be presented as illustrations of the utility of the data to vali-
date computer code prediction ability.
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6.0 DATA USAGE FOR TECHNIQUE VALIDATION

As mentioned earlier, one (if not the) primary reason for

acquiring this rather large body of data on a current MaRV type con-

figuration is for the validation of complex computer codes. Com-

parisons of prediction capability with discrete sets of experimental

data are generally performed and judgments made relative to code pre-

diction accuracy. Quite often, for example, one is able to adequately

predict surface pressure distributions but not static forces and moments.

Or, one can predict the laminar heating rate quite well but not the tur-

bulent heating levels. The current set of data provides one consistent

base for comparing static loads, surface pressure, laminar and turbu-

lent heating, viscous shear forces, and detailed properties in the shock

layer. Sufficient diagnostic data are available to establish the potential

cause(s) of an apparent prediction discrepancy if total agreement is not

achieved. In this section, several discrete comparisons of code predic-

"tion with data will be shown as illustrative examples of the data usage.

6.1 Wall Temperature Considerations

Due to the manner in which the data are obtained in the AEDC

Tunnels B and C, the model wall temperature will vary for the different

data types. This has been discussed in detail in Section 3. In general,

the model wall temperature is initially at ambient room temperature

(-~54 0 °R). Due to aerodynamic heating the wall temperature varies (in-

creases) with the length of time in the tunnel flow. Thus the Gardon

gage heat transfer data, which are obtained in 1-6 seconds after ex-

¶ posure to the flow, will have a wall temperature close to ambient.

tdtAt the other extreme, the shock layer survey data are obtained after
.•. •the model has achieved an equilbrium wall temperature; that is, a

itemperature close to the adiabatic wall value where the convective

heating to the model is balanced by the radiative looses to the tunnel

152.I
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w al ls. The static force and moment data are generally obtained after

several seconds of exposure to tunnel flow - long enough to run through
an angle of attack sweep. Thus the model is close to the ambient value.
However, one finds that the static forces are not very sensitive to the
specific wall temperature value. That is, the normal force and static

moment coefficient are primarily dominated by the inviscid pressure
* field and thereforle'wall temperature effects are not pertinent. The

axial force - specifically the vi~cous component (which comprises ap-

proximately 10% of the total fore'body axial force at a and di-
minishes with increasing a) is only weakly dependent on the wall tem-

perature. Consequently, the total axial force, to all intents and

purposes, is independent of wall temperature.

Model surface pressure measurements are a combination of the
inviscid and viscous induced pressure. The latter is weakly dependent)
on wall temperature. Since the viscous induced increment accounts for

less than 5-1 of the local static pressure, the wall pressure is also
independent of wall temperature.

Thus if one wishes to generate computer code predictions and
comparisons to a set of data for a prescribed configuration, two runs

must be made; one at the cold wall ambient temperature condition os-

tensibly for heat transfer comparison, and one at the hot wall equili-

brium wall temperature condition for comparisons with the profile (in-

cluding the Preston tube-wall shear) data. Force and moment and wall

pressure comparisons can be established from either run.

*6.2 Representative Comparisons of
Theories with Data

6.2.1 Static Force and Moment

Comparisons of computer code predictions with the data from

the current test series have been made with the inviscid codes of
153.
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References 21, 22, and 23 and with the PNS code of Reference 24. Shown

in Figures 48 and 49 are comparisons of the normal force coefficient,

CN, and pitching moment coefficient, Cm for the blunted 70 cone and

4 140/70 bicone predicted with the inviscid codes of References 21-23

and the data from the current test series. One will note that the

3D inviscid code predictions of References 21, 22 are in excellent

agreement with the data for ci as high as 140. It should be noted

V that although the flow is separated on the leeside for a 2 70, the

predicted coefficients agreef well with the data. It will be shown

later that the leeside pressures are poorly predicted with the in-

viscid code when separation is present (as they should be); however,

since the static loads are dominated in hypersonic flow by the wind-

ward surface pressures, the good agreement will be shown to be a con-

sequence of good windward surface pressure predictions.

Helliwell, et al(24 ) have generated several comparisons of

their version of a parabolized Navier Stokes (PNS) code (called HYTAC)

with the data from the current tests. Shown in Fioure 50 are compari-V,1  sons of HYTAC with 140/70 sliced bicone (without a flap) laminar flow

data taken at Mach 10 (see Section 3.3). One notes that up to a = 100

agreement is excellent. To generate these comparisons one need only
'4C• set up the geometry, free stream conditions and vary a.

6.2.2 Surface Static Pressure

Comparisons of data from the current test series were made

with the PNS codes of References 24 and 25 and with the inviscid code

of References 21 & 22. Shown in Figures 51 and 52 are comparisons made

with the PNS codes of References 24 and 25, with the surface pressure
0 0data obtained at the Mach 8 condition on the 10.5 /7 bicone with a

double windward slice and single leeward slice at a = 00 and 100,

respectively. At a = 00, the agreement between theory and data on

the conic surfaces is quite good; however, code improvements are needed

in the slice region to affect better agreement. It is in this context
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that the complementary profile data are useful in providing another diag-

nostic for establishing the time cause of the numerical difficulty. At

S= 100 (Figure 52), one notes that the HYTAC code agrees well with the

data on the conic surface where as the AFWAL code tends to overpredict

the aft cone pressure on the windward side and underpredict on the lee-

ward side. Fair agreement in the slice region is evident. Subsequent

to these comparisons being made, improvements to the AFWAL code were

made (in terms step size determination and numerical damping) and al-

though not shown here, better agreement was achieved at a = 10.

In the test series defined in Section 3.4, data were obtained

on the 10.50/70 bicone with the flap system installed. Data were taken

at Mach 8 (turbulent flow) at a 00 with flap deflection angle, 6 -7O

j(no flap) and for 6 = 100 and 200, and at a = 100 for 6 - -7o and 6 100.

Shown in Figures 53 and 54 are comparisons of the AFWAL PNS code predic-

tion (Reference 25) with the measured surface pressure data. At the time

these predictions were made, difficulties were being encountered with the

it PNS code predictions associated with the marching step size. Shown in

Figure 53 are predictions for two values of step size, DX. One notes

No• that although better agreement is shown for DX 0.10 than 0.05, numerical

instabilities are encountered for 6 = 200 case. Again the associated flow

field survey data (shown in Section 6.2.4) are extremely useful in re-

solving this difficulty. At a = 10o, the numerical solutions did not

have this sensitivity and one notes that relatively good agreement

was achieved.

In addition to the surface pressure comparisons made with

the PNS codes, data comparisons were also made with the 3D inviscid

code of References 21, 22. Shown in Figures 55 and 56 are axial and

-• peripheral surface pressure distribution comparisons of the inviscid

code prediction with the Mach a data for the blunted (0.5" RN) 1 o.5°/7°

bicone at o = 100. The agreement of theory with data is excellent on

the windward surface, however. agreement for ý > 900 is rather poor

, (as one would expect from an inviscid technique). Since the pressure

on the windward surface is more than an order of magnitude greater
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than the leeside pressure, one finds than the static loads are unaf-

fected by this poor leeside match. A word of caution here is that as

M. decreases, the stability at x is more sensitive to the leeside pres-

sure because it is of the same magnitude as the windward pressure. Con-

sequently one must model the separated flow on the leeside for good sta-

bility agreement. In this flow domain, prediction techniques such as

the aforementioned PNS codes would be required.

6.2.3 Surface Heat Transfer

Heat transfer data were obtained for each of the configurations

considered in this investigation. Data were obtained for laminar and

turbulent flcw conditions where boundary layer trips were required to

promote turbulence on the blunted configurations. As mentioned earlier

"(see Section 2.2.4), considerable effort was expended to evaluate the

I -minimum trip size required to promote turbulence in the forecone region.

The objective was to affect the flow in the boundary layer Yet have

minimal effect on the shock layer flow.

Mlarny comparisons have been made of theory with the current

data, a limited quantity of which will be presented here. The ob-

jectl'ie of the few comDarisons that will be shown is to demonstrate

the quality of the data and to demonstrate that the trips did in-

deed proiote turbulence. These data in concert with shock layer

survey comparisons will demonstrate that the trips have minimal

effects on the shock layer flow.

A comparison of the measured axial distribution of laminar

surface heat transfer for the 0.5" R blunted 140/70 bicone at a - 100

with the PNS prediction of Reference 24 is shown in Figure 57. An

"equivalent comparison for turbulent flow on the 0.5" R blunted 10.50/70

bicone is shown in Figure 58. It was shown (e.g., Reference 24 and

Figure 52) that the surface pressure predicted by the code is in ex..

cellent agreement with the data, and it is evident from Figure 57 that
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the laminar heating is in excellent agreement with the data. In the
turbulent flow case, the agreement is considered poor. Shown in Figure

58 are turbulent flow predictions for two turbulence models; one which

is a mean eddy viscosity model and the second which is a one equation

turbulent energy model. The reader is referred to Reference 24 for the

definitions of these models. It is clear that neither of these formu-

lations provides good agreement with the data.

Under MAT program auspices the coupling of a 3D momentum

integral boundary layer code (3DMEIT - Reference 26) was coupled to

the inviscid code of Reference 21 and 22. Shown in Figure 59 is a

comparison of the surface heat transfer predicted by 3DMEIT with the

same data shown in Figure 58 (i.e., the 0.5" R blunted 10.50/70 bicone).

One notes that the agreement between theory and data is excellent, even

on the leeside where the flow is separated. It is important to note

that the heating prediction on the leeside follows on a one-to-one

basis the variation of the surface pressures predicted by the inviscid

code (see Figure 55). Acomparison of the peripheral distribution of

turbulent heating predicted by 3DMEIT with the Mach 8 turbulent data isKM shown in Figure 60. Agreement is considered quite good.

6.2.4 Shock Layer Surveys

Considerable wind tunnel test time was expended in acquiring

the shock layer survey data on the conic and biconic configurations,

including the slice and flap regions. Comparisons of theory with data

were made with the inviscid codes of References 21, 22, and 23, and

with the PNS codes of References 24 and 25. Shown in Figure 61 are

comparisons of the predicted Pitot pressure profile with the Mach 6

i .. data for the blunted 140/70 bicone at a = 00. One will note that the

more exact flow field code (References 21, 22) agrees well with the
data in the inviscid part of the shock layer (i.e., Z > .2") at both
* p
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stations. The approximate method of Reference 23 provides good agree-

ment at the forward station (x = 9.286"), which is nominally one inch
downstream of the bicone juncture, however, underpredicts the pressure

for 0.2 < Z < 1. This was attributed to a grid resolution problem
p

associated with the thick shock layer at this station.

Shown in Figures 62 through 64 are comparisons of the PNS
code of Reference 25 with data for the blunted 70 cone obtained at
Mach 8 at a = 100. The agreement between theory and data is fair on
the windward side, more so in theouter parts of the shock layer than

near the wall. The thermal boundary layer thickness is approximately

20 percent of the total shock layer thickness at both stations. The
leeside prediction shown in Figure 64 is not in good agreement with
the data. The predictions indicate a thick viscous layer with a gra-
dient structure markedly different from that in the windward plane.

However, the gradients predicted are not nearly as large as those
exhibited by the data. The utility of the data here is not only to

point out the prediction deficiency but also to provide sufficient

•II

-- i quantitative information to deduce why the prediction deficiency exists.
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A.4 Shock Layer Surveys

Surveys of the boundary layer and shock layer were made at

several stations on the body, generally in a body normal mode. Where it

was not possible to probe in a local surface normal mode, due to hardware

restrictions, it is so noted in the AEDC data tabulations. For the

Swtmajority Df the surveys, the Pitot, total temperature, and Preston tube

were loca I~d on one probe head and the Mach/Flow Angularity probe on a

separd' iolder. Thus for the multi-probe thead, the first step in the

data sequence was to obtain the surface shear - i.e., the Preston tube

data. Once these data were obtained, the probe holder was moved incre-

mentally upward off of the model surface and flow field sirvey data were

obtained.

A.4.1. Preston Tube Data

Model wall shear stress and the corresponding skin friction coef-K •ficient were calculated using the Preston tube pressure relationships first
S 1described by Preston (Refeirence 13). The shear stress was calculated by

an iterative process, using calibration curve fits and boundary layer equa-

tions. A flow chart defining the data reduction procedure is shown in

Figure A-5.

The calioration coefficients presented in this figure are based on

previously published results (References 11, 14, and 15) and data obtained

at AEDC that are yet to be published. The calibrations are considered valid

over an RT and MT range of 5 to 1000 and 0 to 0.15, respectively. As Indi-

cated earlier, the shear stress and skin friction coefficient were calculated

for the first point in a survey only, when the Preston tube was flush against

the model surface.
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A.4.2. Shock Layer Survey Data

Probe locations within a survey are presented as heights above

the model surface measured along the direction of the traverse, and co-

ordinate values are given in terms of the model axis system. Corrections

have been included for the fact that the Pitot probe was sometimes slightly

deflected at the model surface.

Mach/Flow-Angularity probe pressures (PI, P2, P3, P4, P5) and the
Pitot pressure (PP) were computed using the equilibrium pressure predict ',on

technique presented in Reference 12. The technique uses a mathematical model

of the pressure lag/time history and fits the pressure history with a least

squares curve fit to predict equilibrium pres ure. The basic assumption is A
that the pressure measured at the transducer exponentially approaches the
equilibrium pressure at the orifice. It is also assumed that the orifice

pressure is a constant, during the time when the transient data were recorded.

Inputs to the curve fit routine are: (1) slip flow coefficient and (2)

pressure-time data. The data reduction equations for predicting equilibrium

pressurc from transient data as follows (from Reference 12).

Slip Flow Coefficient:

A = 1.776 (10-6) (Mean tube )/(Tube)
, "Jtemperature ID.

Mean tube temperature = 12000 R, assumed
Tube ID = 0.012 in., smallest diameter For these tests

A = 0.18 psi, (only rough estimate required)

Pressure-Time Data:

Pi - Transducer pressure of data point, i,psia (computed
in same manner as model surface pressures)

ti - Time of data point i, sec.

n - Total number of data points
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Slope of Pressure-Time Data:

d|•Piim)-P~im

Local slope = (i+f) psisec

where At = time between successive data points, sec

m = integer smoothing function = I for this test.

f . With the above inputs (A, Pi, dPi/dt) the following computations

are made to evaluate (or predict) the equilibrium pressure (Pe).

Ci = (Pi) 2 + APi (A-3)
Sin di i n dti 1) n )

K n n i=1 (i )2i= (A-4)

E Ci - n (Ci)2E

in f d=I
- K E Ci + E /n (A-5)

-A) .

Pe = - + , PSI (A-6)

I The prediction technique fails whenever there is an insufficient

sample of transient data with which to evaluate the constant K. In fact Kis undefined for the case where the pressure, Pi, is constant. To alleviate

this problem a check was made, based on the value of K for this test.

If 0.05 < K < 3, the predicted pressure was used, otherwise the

final measured value was used.
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There were a few instances wherein the transient data were changing

so rapidly for this test that the calculated value of dPi/dt was inaccurate

"for the first points of the pressure-time history. Whenever this happened

the initial transient data adversely affected the prediction, giving in-

accurate results. To alleviate the problem initial data points were dropped

from the curve fit; one point was dropped at a time and Pe was recomputed

and compared to the last computed value. The iteration ended whenever the

change in the predicted pressure was less than two percent, or more than

four data points were dropped. It should be noted that the inaccuracy in

dPi/dt can be eliminated by taking data at a faster rate or by delaying the
beg.,nning of the data record. For early tests the data acquisition rate was

limited to 0.6 scc per point, for the majority of the test program. Improve-

-nents in the data acquisition system permitted taking the same type of data

at a significantly faster rate (up to 10 points per sec) in later tests.

Figures A-6 and A-7 contain typical results from the equilibrium
pressure prediction program.

Local Mach number and flow angle are computed from pressure PI

trhough P5 using curve-fitted calibration data. Extensive calibration d.3ta

have been obtained on similar probes and these data have been correlated

against the parameters DPSQP and PAVGP5 which are defined as:

DPSQP = /(P-P3) 2 + (P2-P4)z/(2 • PS) (A-7)

and

PAVGP5 = PAVG/P5 = (P1 + P2 + P3 + P4)/(4 - P5) (A-8)

For the present tests, calibration data were obtained with the Mach/Flow-

Angularity probe (identified as Probe #4) in the tunnel freestream and these

data were combined with previous calibrations obtained on a similar probe

at Mach number 1.5 through 5.0. The combined data set was curve fitted and

the curve fits were used in the data reduction. The calibration data and
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the curve fits are shown in Figures A-8a and A-8b where the actual data re-

duction equations are as follows:

Local Mach Number:

M e [AK BK(DPSQP) 2 + CK(OPSQP)4]i MLC~e

5
where AK Z (AMi (LnPAVGP5)']

K=BMi (=nPAVGP5)i0

4
CK Z (B[M,• (PnPAVGP5)i]

i=0

Total Angle of Attack:

AATCA = (DPSQP) [DI + D2un(MLC) + D3(in(MLC)) 21

S+ [D4 + D5(kn(fILC)) 23 (DPSQP) 0 6  , deg

Curve Fit Coefficients:

AMO-5 = 3.6474, 10.8249, 12.5254, 5.90988, 1.03548, 0

BMO-4 = 7.64593, 0, -16.5279s 0, 8.66794

CMO-4 - -108.870, 0, 182.245, 0, -37.4971

D1-D6 = 121.044, 18.6043, -74.2038, -37.4837, 58.2593, 0.872233

Radial Angle: (Not a Curve Fit)

PHI =Tan- B-A)+ 9 deg

If PHI < 0 then PHI PHI + 360.

I
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Not all existing calibration data for Prcbe $1 are included on

Figure A-Sa. A distinct difference in the shape of the PAVGP5 vs. DPSQP

r curves was noted between the two probes, therefore all data for total angle

of attack greater than 7 degrees (corresponds to DPSQP 3 0.7) was omitted for

Probe No. 1, with the exception of data at Mach No. 1.5. This omission

forced the curve fit to agree with Probe No. 4 calibration data. The re-

sulting curve fits used to reduce the data are considered to be the best

possible based on the available calibration data, but these could be signi-

ficantly improved with additional calibration data for the same probe (No. 4).

Local total temperature was computed from the shielded thermocouple

measured value (TOSM) using the method of Varner, Reference 16. In this

method, the analysis is based on the total temperature variation in a laminar

developing flow within a tube whose walls are at the adiabatic recovery

teaperature of the local flow field. This approach results in the ability

to theoretically correct probe data for all local flow field conditions

(a wide range of Reynolds numbers) using a limited amount of calibration

data acquired in the tunnel freestream. To correct the measured temperature,

the following parameters must be defined experimentally: local Mach number

and Pitot pressure in front of the probe, the effective vent area ratio (AV/AE)

and the local Mach number of the flow entering the probe (ME). For this test,

the local corrected total temperatures were evaluated at the Mach/Flow-Angularity

probe positions "TOSC values) and at the Pitot tube positions (TOSCP values)

by an interpolation scheme. The approach used was to define, by linear inter-

I. nolation, the local measured total temperature at the probe height and then

to correct the interpolated value using the probe defined Mach number (MLC

or MP) and the measured Pitot pressure (eitner P5 or PP). The nearest wall

temperature measurement (TWJ) was included in the interpolation to define

a value of uncorrected temperature at zero height. The effective vent area

ratio, AV/AE was determined from freestream calibration data to be time

dependent, decreasing in value as the test progressed, indicating that the

tube vent holes were decreasing in size. The value used in the data re-

duction was:
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AV/AE 0.153 - 0.0005 (SURVEY) (A-9)

The entrance Mach number was defined in terms of the vent area ratio by an
approximate equation:

ME = 0.578(AV/AE) (A-1O)

which assumes that the flow is sonic at the vent area and AV/AE is less than

0.5. Shielded thermocouple data reduction equations are given in detail

in Reference 4.

Ideal compressible gas relationships were used in the calculation
of local static temperature and pressure values and in evaluating the local

Mach number at the Pitot tube. The equations for air (ratio of specific

heats 1.4), are listed below:

T (1 + M'- (A-11)

p_ M2 -7/2
Pt (1 , f,: M< 1 (A-12)

t2 6M_12  6 Is/2 for M1 > 1 tA-13)

PI 5 1•7M12-1

The first step in using the above equations was to compute the static pres-
sure at the Mach/Flow-Angularity probe heights. To make these calculations,

the following substitutions were made in Equations (A-12) and (A-13):

Pt P5, Pt2 -P5, M - MLC, M, - MLC. Static pressure at the Pitot probe
"(PSP) was defined by linear interpolation of the inferred static pressure
based on the Mach/Flow-Angularity probe results and the model wall orifice

pressure used to define the static pressure at zero height. The Mach number

determined from the Pitot tube (MP) was then defined from Equations (A-12)

and (A-13) with the substitutions: p - PSP, P1 - PSP, Pt 2  PP.
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The local static temperatureswere comput2d using the appropriate local Mach

number for Equation (A-11).
_!!

Local velocities were calculated from

VL = 49.0223 M/F, ft/sec (A-14)

where M and T (OR) are the appropriate local values of Mach number and

static temperature.

Velocity vectors with respect to the Mach/Flow-Angularity probe

axis system were computed according to the definitions given in Figure A-9.

These values were transformed to the tunnel axis system (Figure A-10) by

rotation of the axes through pitch, yaw and roll angle sequence corres-

ponding to the probe misalignment angles defined as THETAO, PSIO and PHIO.

Misalignment values in yaw and roll were determined from the freestream

calibration that was obtained at the beginning of each test shift. The

pitch misalignment was evaluated for each survey by determining what value

of THETAO would best null the pressure differential DP13 on the probe

i.e., THETAO value for DP13 = 0.0.

The freestream velocity vectors were transformed to the model axis

system by rotation of the axes through pitch and roll respectively, corres-

ponding to the model pitch angle (ALPHA-MODEL) and the model roll angle

(ROLL-MODEL). Velocity vector definitions in the model axis system are

noted in Figure A-11.

The quantity of tabular and graphical data involved in the shock

layer surveys is rather lengthy, involving several volumes of reports for

this test series. An example of the Pitot and totul temperature data tabu-

lations is shown in Table A-3 (11 pages). Included in this table (on Page

3) are the Preston tube data results defining the wall shear and skin friction

coefficient. A representative set of graphs for these data are shown in

Figures A-12 through A-15. Figures A-12 and A-13 depict the uncorrected and
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Note, •

1. All vectors are shown in positive
directions.

""2. PHI is computed direct".y from the
pressures

4 XP 3. Local Mach number (MLC) and the
total angle of attack (AATCA) are
computed from curve fits

4. Velocity vector components:

RP - cos(AATCA)

!i - sin (AATCA)#sin(PHI)

View A-AK (Probe not shown)

\ VP

V.~ii] W

--- p)2+(wp2 .- .p-
AAC

• FIGURE A-9, VELOCITY VECTOR DEFINITION WITH RESPECT TO THE
SPROBE AXlS SYSTEM

(Pob no son)II I
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L It
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-- w -r ( * (0)
* L L TL 12.
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•..2.
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N --- " 4L " €os~rHtat'tAO) .l.IuQUIO)./ntlO"
Ale eo.8CflIAO).sta(PSTO) -uts(PUIO)

*isn(trtT0) .cos(PHW)
II -.~~~~~S -- O*,o.e*)IL" /aic(VIO)
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- *
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,rr 'l' 5 e a . O

FIGURE A-IO. VELOCITY VECTOR DEFINITION WITH RESPECT TO THE

TUNNEL AXIS SYSTEM

255. A



1. yogitive dircction of velocity vecters
are shown.

2, See Fig. A-1O for definitions of velocity
vector components in the tunnel axis

ystem. (I.e. UI./V. VF/VL. WF/Iv)
3. Velocity vector components:L. (1 ) -(-MDE )
L () ocoeo(ALPPA- ODEL) .sin (ALPHA-MODEL)

S( (-. (ROLL-MODEL). sin (ALPHA-W.DELVL

4tw co(ROLL-HODEL)4iv si(ROLMD
kw()1 - ROL

I

1 .~cas (ALPHA-MODEL

Sw (F) (cos.(ROLL-MODEL). sin(ALPHA-MODEL)

V (V )E(ROLL-MODEL)

S27. (ROLL-MODEL).cos(ALPHA-MODEL))

z$ w Z

FIGURE A-11. VELOCITY VECTOR DEFINITION WITH RESPECT TO THE
MODEL Axis SYSTEM1 207.



L I,I I

1'1

131 . ----

. ,, -,-....

C4

___ - t- .J 9 -~

E3

Ej" u~i
- 4l. W

_ _ .... _ O -

cill "

LL_

. --- • .-or

208.

-j!



UU

i I-

I.~
UL

--- IP,,- -

- - - . - ---- - - - - <Ji :

n 0 :

0%

S'-r ,

S....- -" ,--

0

X.J

.0j<

a":

,iu a_

D W0o

<I-

Ll

1-- 2,09.~



02~ LUJ

In)

-i

f in -H_________

___ CO ,
M~

CL 210



* 

IT

a t3
tI 

Ij
t- I- Cl

_ _ ~1 a

toI"

I- 

cc



I cI ;.;t N. mO O c W ~rea o M

N.c;jo -0 0 0 0

C4 C4 00

MI- x: o ac e 4vt M; 0 a r- w.O'fC02t- M , C't%
-Kj L n=-9ecCpr 0- %P~ 0~~vm w~ nw n-lr-0 rw~r~

* u a1'4 n 4 n *. . . . . . . . . . . . . . . . .. .

00 A mV m Mr cr- NC Q* en Q o Or ftiC 10V M NNW

Ax .' n o---- N Nfl N NN N C C -tiqN nN

0 £3r L0MI n0in% 0'Qa% ý 1 w00 r

04 ec 4 In %n4 v4 r- C- wt 00 0 w to -w nC0 '4L IL CIA C-9 I"eN re-N tt ~ #r~S' . t0~0
in 9 L 0 . N CS N ' N N~r4i~f*

W

V3 . s c-' ewlt . C C O P C C O .KC
4 0 * 0

40 IIk 03 W MM

=D 40

M 02' cm vcn M ft ft~m~ Cn- 4flC- 0 w otMN it"

EN ide. ro'C M In ~ Ifi Q-Pe. 1 r- M e'10 P" 4NN-4m-m40m " 4f

a 'I

Hw 54 w0N. 000N0 v0v0V00000 M0000000W 0000:o0N

Oz h.0 oS a c0 ; NO-C P4 C. o0- k m m- NcO t- a 61 Vr-aflm

W 4.400C~ O

C;-a C'QCo 'u'mm ; m; 4 J c00'O1 0'C; 1s ImC O@G;

t~w so ~ C

Qi a0n
U - pn04 1aC f

0 r. 1-5. Co wP 4-rM a 0&o "1= - ma 00p:V~~0 go-h t-c ------ r-rr-----~NNNNC

Ua a co .0 5 4 .t00 * .0 .o ca.co o

MC -

I- - A fi x3 w 4- 0 W.1 S 0 0 in 0 %n W, In wl 4 4n 4n V4 M 4n W4 In ini4nI n ni

aa aah a.d a -

tOUj Pt (a -f~t."t*o'e r-= n4 tPnOCp WC C
t~~~~~c c- rr - . -.

dl[ :0 dt *-1c w stt a.3g acsmm212.

9r hi



N ~ ~ 0 Z, N7, e 0, m w tC,.... C r
t-4CL V6 .0 0 ' O"0 -0,COm0

o o a a,0.0

~~z0G~~n 0: 9rC. Ct . . N . .I

mantasct--. c4o4 r.r na 4= 43rr o-r FrN- -rN NN N N r- Pr-

a: x U U 4- .n .n . .~ .C . .-ama - cr e o-a00.
0 . U . .3t ý r:F - lr ý lr0r l1

uu m 1 N ~ n 'r n c n n pi ro r r w

rl ataý1ý 0 ~

-C 10 C4 r- C- F- r- -W No I- O 044 ýD (4,W r '- 00.-

O o'lco m a; mm ccrww Q w O w uaaa -

-- 0 07 ýa r000a000 a 00 000.0 V.00.cýC ' ,(,mc r 000000.-

c : ;0;tmiC;C;C; Cc 4r-VOe -N-1 1 C 1 I;C7 O c l.r-0N0C C

0c w w@O-C4 v OOOQC4 tmrGC 0r r- W, mr-l ftn m

rE . C c .ý u s . . . . . . S

1-0 inlk -f NN N4 '~ r 010

la.

in -4 -C - -C - -N * - NO - - 0 '- - C04 4 0 4

20 In 5rýý 4 O 11

r ', in 4 NO "4 N% in f--( d'I C 10 m f-- 0 C Nn mg.aglc am ,

1.. - arm -ca- ,a -uao-aa-- tC 'a In 'n C
r4 "M~ ;.p 0feD 00.'

- -. - - - - -C

eq C N N m0 m' N CN t% m' 40% N - N - ( NtC N - N4 N N

~~~~~~~~~~rr U r i &-- -~ -- OlrIN-I - r- Nr-r- i- r~r r-r

ULL 01 ~
cc a : m2 a 3 u

: U -m mm af
- 11 :%. =2

ix M
- e -. C 0 -V 6 VSý W$1 7 "- b - 0 N;C1 0

4t z 24% nl t
-. ~~~2 ~0a.- 63 f 0 O O W N 4 Q IC - t0 - 0

M.- a IX. r- #- &--
- ".* L C. a0 i i n nt~i - 0 "O 04 001 00 -i00.1ca c -. a ut * *t'C C CV C C 4213.qw ~ t *



E- .- a - -h--0*. .n . .

'a4 
-. fC 4" 1 

>. C ; C ;

0IL

0aa C, InWiU,

Cl 4x I W, OnN a- 0 0 0 Coo4

Mfe c.Cm w ~e a~ awv IAememe At a G weem e t m

00. mC 0 0 Q0 0 0 Q0 0 000 00 00 W% V

J .-. 0 m
ina ,o ir (PI 00.0 C C C CCCOCCa, .a00 0000000

;, . j Itot ý ý t0% ý lU,3

w , Z .: - -t C. g " 'VC

Ci j0 C3 wa- ta .C'u, 0 > Cnt ii .O (0 c 0c C C Q ... Qn i o

a-. ~ I - ~ ~ e m~ -r --- O -C m-'Cf-
4-u U4 a0Cptc N 4 4 4 7n - m ft s

~c

v 00 x0 3

tat4

ula a

W, 1OC I C

'00

oE V0 .- 4 . y f' .C2~% g r r a c z 2CL w Pz

hz~ý -m .- -. o c o c oc c cCC- nNN-

J a aaa CLaX CL .3 Q 215.

4 L ( W

- ~~~ A--. . .



'C- -*. - -~ - -- - -

aCCOCL.N3 M zr.UMUOFflMUa-'NrInnW'Nnts

Ix a:
SL~j 4z

aocw6 iLa 6.24

'S týa 3.. rSO ý lýC ýnl %o

-27&-! ~ ~ ~ ~ ~ ~ o 0 ZtC OlecO O C O O OC oo O Q

<II
z ~ ~ ~ ~ Z a c- @ flt a e aC NN #'t xe -cw. Mt7 No0

N f. t. C C.4

i l ll M W -Uf M~lW rNC .0.Nq NVfl.0N PY 4N

0-4 5. .9"o . ON 3

.- ~~ M - 9

0,0,0 4,0 e rS

r .~ W -t CtgaNO N- On' N N~ C- N.- N M N W
x mq) clre - rr---1f wLa~nc 3.3V. =,C CalmeoOO CL0 u-CL

I.In
C U uS U N N N N fS l'C tN 4NallN N N

aW:I- W M00cwcoo0 000'vC 0ac c 00000

W W. *%M r 4 .. I 4'4 sO U -N 0 wM*M N C... 40.ft
5K0

C SL...kt p f n vi fi) rý rý ft ,0t~. C 4 0 C N N N C C ' W M m 4
AL-KlT11

toW tW

be I a I- S'D-N NMN NNN NO * C.fl - t- c M.ea in C.0 W taowW

ICU .. .. rv M. N *4 N C ft, c N'S'

CCCk-W nNN N r.NlNCfl NCS C~rNNrNCSV:l

*~~~~ ~~~~ -. - -. -C -iiC tp -~ -w O u C N O -c-* C.. 4% 000I

Wn -C-Mý-I WW wn t % W
3* c C 0 .2 0
C0 X-6 -W ..2 W ý 0.

-9 2.- 'Ki L' a 4 a-4 U 4 La 63 SC S 0. 5. ~ ~ ~ ~ 1 %.w ta¶ S- nrc-sw C N uctws



C! 4

U..

In,.

'Ali0 It00 .0 000 00 00 0t 00 1 00 00' 01 0: l0

aa

.0 0, 0C 0 0 0C00, CC0O. 0 )C.C 0C.

0 0. r aC- DIa o

Z ms Inl 0vtc a a% am ; aIý M

Q 00 C 00 0 0- 40 0c 0 0 0 c c 0 0 0Cý 0 0Q c 0 0ý 0 0 0 0 0'

9L- &, M -0IAýQ0 > SC r

N Pta n aI-0000.%r 0 waec,0 0 r-.nI 0wr a. *Q0

-C 0y V,0 Cc1.aI 1Aw- -1 ný

0,4 M 00 n~n tntc ol v el c Cc CrarenLcm = vt VMtN on ev;ý n oM -o C ,"Iiil -0
10~~~~~~~~~~1 .. 0 0.Ot~~(Cý l .CiC CfCfN ~ l C N N .

-C -C q C 4't0CtN.NC.t-4.'N ~ cfc f~lllC~

In .- 000 ~ 0 t
0 4D0V aW WMfft1  

jW In %rI

63 no- 40a~wr 4-c cea-c- C--r- a cf

c- 00 >O~ mO O 00C 00 060

N-~ n~-oeen fl-~0 0t.02f17.1



4

1- -0 CA c z:a z* OI M 5 0
&2 6. 0. dS =M2
x at tIC K40 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(Nct % % %3U

a wonA
'a00 Q 5f.C60c6

&.~: t~ 63 .
:2:2aa.3a

0.63 0

a.oc -al aa zo6. o lo l oQ oo , >01

4'QK a aý a a 2 ý a. eas m af

LU~~~* r- :, w. -' - A
.~~~~0 .s ... ... 0

ixr-' 1c1 6ý
0 NO fC

Q..0000 c.0000 0 .c1 >QC 00 Q 0.0 Q30Q00 0 0Q0 0 0 0.0. VMI

a or-noe a . . ra s I acm 1 1 wr4r-acr m c ml
06w t N Nt"4M % tin~

A aL C6I

on- uzk

a,. Il o -7 4- .-1 a. 6.0 ,o c7 l4) .ma a lo

LW -s n wc6

sc0. a. to g- 9.30I.V a u ý

-3 mu at as a

ft o. ee c ,olvc4 ainn

w.0 - c0 Pa -. 0- l
20- n 6wa . ph tw.oi l L

-c - - - -~I - - - --
1-~ ~~~ ~~~ w3385 0.000w0v, . 0.000kf00.00..0.00.0.0.v..*7Uz!

0 It . 0 . 0 0 0 
0 0 0 0 0 0 .0 . . 0 0 0 0

0.w-- 626
-c0.grOmv , 000 O.00.. w,0'D- OO O O m~-~

0.00~w~
-00 x

-218.



0o. c CL

0 c~ Uj .
:: ' , C

a

w0 w

CLoo: 0C l .

-3 0

j~~~ -U - -~ - - - - - -. - - - - - -~ -

CK

0120 - -1
2.j w a a r- n n n9n nfnwnwnn n n n

4a N -Wa

V) 0

o~~~~~ vU 015NNNNNNN

*SI..C-.

000- - - - - - - - - - - - - - - - -

*0D 10. r 4 * - - - - - - -

.3 z

I-' 00 00 00 *a CL0 0 0 0 0 0

9LM a -in, w 0, 0o 0 0b Go co 0 w
100 -

oww 0 31

-3--C - r. ---- - - - - - - - -

.r z "' w ' a ~ a 10 -, 0 .a a 0 4 33 tl 3c a, 10

7' )g '0 ir a0 a 0 . 0 ' 0 0 . 0 ' 0

0o IMA x X . 219. :



2:Ul

00

I-40

-C V

lz

134 -U - - - - - - -4 -

owI 9.. 0 -0 0 0 0 0 0z 0 . 0 0 .
0 U Mt 4.C1C * 4C C )4N

6-D - - -- - - -

00

vou. II -. - - - - 4 --. -4 - --- - - - - - -

CC,0 - - -- - - ~ --C - -

ko~ .4I- - -

CL~. V-- .4 C.-

* ut . .. 1ft .t- - - - -
00 '0 1. 0. N 00 . 0~ 0 N . 0 4[1x. .4. . . . . . - - - - - -.4 . . a

On L'I~ W.. icN 0 f

U C

.40 0
w Cc 0 a a w0 x . 2 0



C4-a

4.. W~ -

r-0~0 La

~i ;

ha w; hIc* ;V

60

u r- ww
l44)a . ' a ' a ' a ' a ' a ' a ' a '

a,4 to. C7 C!* -* . -7 C7 7

)4D a 0 a c>0 10 4 0 C) V 0 Q I c a I c 0 '0

W . . ý - - - - --- - - - - - - - 4 - 4 - 4

I.- a' CL a a'. c' a . a ' a. a ' 0
a.-h a' w' a' a ' a ' ' a ' .e : : a

4 c I UC 6. - -- ---- -- -- - -- --- - -- .. : ----- -4-

U) ir m +' .' 0 4 4 e ' 0

t- - - - -- --- .- - - - -- - ---

.4 a0t 4' go 41r aI ;' ft w kfv N D U) 4 N 4 -
- - - - - - -- - - - - - - - - - - -w- - - - - - -

-K Iq eqe>' e q a ' a ' a q a ' a~.4. - -- - .4 - 4.4221-.



I a:
I ..o , ,-

i. (L Q 0 . z In

c. La 1.-

L04 U:git

.,I. ,- h,,

l 0,,

t r04 6

- -- - - 0 - - - -

0. W: 04 0.

t• t:. a ... 9,

%W*- -* -. - - -ne -I -

O 0 IMMI1 INC N CA

-- .14". 0. 0,'.0. 0. -. ,0. 0

04 u -, - o - - .4 -. .4 o o .

= HO -+ N IS II

a 040.01. 4 . . . 41- 0 0 4 -0 1 . 0 ..0o
4.P . . 0. 0. ." 0". . 0

0 G

,<4 N4

I In410 1i4 i0

Zn w % 0 In *I10GoC

4. n 01.2
.4~~, 0404 0

4~~~C WCh IEU

* 00.0 00 0 0 0 0

W 1.2 5
td C L 0 to n aS0. 0. . . 4. 0. . . 0.

CL O2 W I-i r, t ý r ý t - g- P.-

o a. E0 w. V-1. 0 . 4 ý #- C- 5- 4. 5

'4 w-I I.. .4l lll

Z4 c -3..30 b, c

-3. to 0 . 000 0 f r'I q a

4001..~ -4 U -. -. . . . . . . .- - -

U2 0 zcr t l o. O .2 0
Z .- -C: Z w.4

-. :f IL

C3 C.22 MU . N f4 . w n 04 5. 0 0

l U 0 .CL IC 14 n0 In .40 Inc n 44c0
0.I]0. w0 -K gm Q4 XI 0 A 46

cc (222[
c440 03c .0 .22



(Reynolds number) corrected total temperature profiles, respectively.

Figures A-14 and A-15 are the Pitot pressure profiles normalized by the
- local wall static pressure, P, (Figure A-14) and by the freestream Pitot

pressure, PT2 (Figure A-15).

Boundary layer type analyses were performed using these data and

the assumption that the static pressure in the shock layer was constant and
equal to the local wall static pressure. Thus with the static pressure

assumed and the local values of PT2 and TT, local state variables in the

shock layer were defined including local values of the viscous layer thick-
nesses. Note, the assumption of constant static pressure is incorrect out-
side of the boundary layer and consequently the local derived properties in

the "inviscid" flow are not valid. The reader is referred to Section 4 of
the report for a discussion of this. Nevertheless, Table A-4 (4 page.) de-

fines the derived local properties for the same data group defined in Table
A-3. Figures A-16 through A-18 graphically define the derived local oroperties.

* One notes from Figure A-16 that the freestream Mach number (noted by the
4, several data points at ZP > 2.3)is - 0.75 of the boundary layer edge Mach

number, clearly incorrect.

The Mach/Flow-Angularity data tabulations for a given data group

are contained in two tables sets, Table A-5 (9 pages) and Table A-6 (2 pages).
Table A-5 defines the measured data while Table A-6 presents the computed
flow direction results. The corresponding graphical presentation of these

data are shown in Figure A-19 for the raw data and Figure A-20 for

the derived properties.

A.5 Static Force Data

The force and moment measurements were reduced to coefficient

form using digitally filtered data points and correcting for first and second
order balance interaction effects. The coefficients were also corrected for

model tare weight and balance-sting deflections. Model attitude and tunnel
I - stilling chamber pressure were calculated from digitally filtered values.
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The aerodynamic force and moment coefficients are presented in

I the body and wind axes. The wi'nd axes lift and drag coefficients (CLW and

CDW, respectively) were calculated using the forebody axial-force coefficient

(CA). The wind axes pitching- and rolling-moment coefficients (CLMW and
CLLW, respectively) were calculated using the forebody pitching-moment

coefficient (CLMF). Pitching- and yawing-moment coefficients are referenced

to the virtual model nost. ]iconic virtual model length (LM) and unsliced

base area (A) were used as the reference length and area for the aerodynamic

coefficients. Total axial-force coefficients (CAT) were corrected for base

axial-force effects.

Pitching and yawing moment coefficients are referenced to the

model base. Model base diameter t'9.823 inches) and base area (75.784 inches 2 )

were used as the reference length and area for the model aerodynamic coef-

j •ficients.

I .,Representative tabular data for a static force a sweep is shown in

Table A-7 (4 pages).
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